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Abstract 
Coral reefs globally have been facing serious degradation since 1980s. The survival 
of thousands of species that depend on these precious marine habitats and other 
related ecosystems is consequently threatened. Although mass coral bleaching events 
were not observed in Hong Kong in the last decades, there were anthropogenic 
threats like anchor damage, ship grounding and reclamation, which harm the local 
coral communities. Other natural events like storms also contributed to this 
disturbance. However, restoration studies are not common in Hong Kong. 
Investigations on coral transplantation are even more limited. Besides, 
laboratory-based experiments on the environmental effects on corals are also scarce. 
Therefore, this research aimed at providing basic information on local coral 
reproduction and its responses to ex situ conditions, fragmentation and temperatures, 
by monitoring the in situ gametogenesis of a relatively abundant staghorn coral 
species in Hong Kong waters, Acropora tumida, and comparing it with that in 
fragments grown ex situ in outdoor tank. Possible presence of energy reallocation 
between reproduction and repair in coral branches after fragmentation was assessed 
and temperature effects on coral survivorship, growth and reproduction were 
evaluated in a factorial experiment. 
ii 
Monitoring of the gametogenic cycle of A. tumida was based on changes in the 
oocyte size and developmental stage of oocytes and spermaries in samples collected 
regularly (monthly to bimonthly) from Tung Ping Chan, Hong Kong, over the period 
from September 2006 to June 2009. The gametogenic cycle is annual and 
synchronized. Cross-sectional areas of oocytes ranged from 5.70 士 0.72 x lO'^ jim^ in 
August 2008 to 108.67 士 11.95 x lOVm^ in June 2009. The pattern of oocyte 
development was consistent year after year, except for an early oocyte maturation in 
2007 which coincided with an especially warm winter (average seawater temperature, 
20.56°C) in late 2006 to early 2007. 
The development of oocytes in ex situ and in situ A. tumida samples was compared 
from December 2008 and June 2009. Acropora tumida branches were initially 
collected and grown in outdoor nursery tank with filtered seawater that was kept at 
20°C or above throughout the study period. Oogenesis in these ex situ coral branches 
was regularly checked using standard histological analysis and compared with that in 
branches collected from the field. The results showed that oocytes matured earlier 
and were significantly larger, but more sparsely-distributed in ex situ A. tumida after 
six months of culture, i.e. there were 28% more stage IV oocytes, oocytes were 42% 
larger in cross-sectional area but 37% lower in density in ex situ branches than in 
iii 
their in situ counterparts. The warmer ex situ environment was considered to be the 
key factor for these differences. 
The potential reallocation of resources between reproduction and damage repair after 
fragmentation in A. tumida branches was studied by comparing oogenesis at basal 
(adjacent to the broken-edge) and middle portions of the coral branches for five 
weeks after fragmentation. Neither oocyte reabsorption nor prominent reduction in 
oocyte size along a fragmentation gradient in these coral fragments was observed. 
Differences in oogenic development thus appeared to be more dependent on 
environmental variations than on the impact from fragmentation. 
The effects of increased temperature on A. tumida reproduction were evaluated 
through comparison of the survivorship, growth and oogenesis of coral fragments 
grown under four different temperature treatments, 18°C, 22°C, 2 6 � C , 30°C, with the 
ambient set-ups as a control, from February to June 2009. Fragments grown under 
30°C exhibited the poorest survivorship (0% at the end of the experiment), growth 
(0.54%) and oogenesis (mean 士 SD cross-sectional oocyte area: 77.06 土 10.38 x lO; 
geometric diameter: 308.37 士 23.38|im; oocyte density: 0.76 士 0.12 oocytes per 
mm in April). On the other hand, branches grown under 22°C generally performed 
iv 
the best, i.e. with the highest survivorship (>94%), the greatest growth (8.95%) the 
largest mean egg size and the highest oocyte density prior to spawning (mean 
cross-sectional area: 131.0 士 15.3 x lO^i^m"; geometric diameter: 420.54 土 37.97jim; 
oocyte density: 2.13 士 0.76 oocytes per mm^ in June). This lower optimum 
temperature found (cf. 25°C to 2 9 � C in the tropics) suggested that corals in 
subtropical areas like Hong Kong may have adapted to a colder environment, thus 
are less tolerant to higher temperatures. However, these results should be interpreted 
with care as the coral fragments were grown under constant temperatures, in contrast 
to fluctuating diurnal temperature in the natural habitat. Nevertheless, these results 
suggest that subtropical corals could be as vulnerable to impacts from global 















隆起鹿角珊湖的卵子’橫切面積為5.70 ± 0.72 X lOVm' (二零零八年的八月)至 





















77.06 土 10.38 X lOVm'；幾何平均直徑（geometric diameter)約為 308.37 士 
23.38^m ；卵子密度(oocyte density)約為每平方毫米0.76 ± 0.12顆卵子；四月按）； 
另一方面，攝氏二十二度下生長的珊瑚樣本在其他離地實驗中表現最佳——擁 
有最高的存活率(>94%)�最大的生長比率（8.95%)及產卵前最大尺寸的卵子 
(平均橫切面積約為131.0 ± 15.3 X l O V m ^ ；幾何平均直徑（geometric diameter) 
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1.1 General biology of scleractinian corals 
Scleractinian corals belong to Class Anthozoa, Phylum Cnidaria and are grouped 
under Hexacorallia because the number of their tentacles is in multiples of six around 
a single opening of the simple body structure (polyp) (Veron, 2000). They deposit a 
calcareous skeleton and hence are also known as hard corals. Scleractinian corals 
undergo calcifying process at a low rate (Highsmith et al., 1980) to build up the 
massive primary reef framework over many thousands of years (Goreau, 1963). 
The tentacles of individual coral polyps allow them to feed on zooplankton actively, 
yet this is not the major form of nutrition in reef-building scleractinians. The key to 
the success of hermatypic (reef-building) ability of the corals is in their symbiosis 
with unicellular algae called zooxanthellae. These algae recycle the metabolic wastes 
of the coral host to provide nutrients for both through photosynthesis and, indirectly, 
facilitate calcification (Goreau and Goreau, 1959). The coral hosts offer a stable and 
well lit habitat to the symbiont (see review by Veron, 2000). This symbiotic 
relationship allows corals to be dominant in nutrient-poor tropical oceans. There are, 
however, coral species that live without zooxanthellae. They are therefore 
1 
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ahemiatypic (non-reef building). Many of them are solitary and small in size and are 
scattered in deeper water region as they do not require light to grow, unlike their 
zooxanthellae-bearing counterparts (see review by Marshall, 1996). 
Scleractinian corals can reproduce asexually, as in other clonal organisms，in the 
form of budding, fission or fragmentation. Budding and fission result in the increase 
in the number of polyps and skeletal extension and hence are parts of coral growth 
that leads to an increase in the size of a coral colony. Fragmentation refers to the 
regrowth of fragment that eventually develops into a new colony (Wood, 1983). On 
the other hand, corals also undergo sexual reproduction with gonads being borne on 
the mesenteries inside the polyp (further details are given in Chapter 2 Section 2.1 
and Chapter 4 Section 4.1). 
1.2 Global coral degradation 
Coral reefs are mainly found in shallow tropical waters where the crucial coral-algal 
symbiosis can be supported by sufficiently high temperature and irradiance 
(Muller-Parker and D'Elia, 1997; Veron, 2000). Despite occupying only about less 
than 0.2% (about 250,000 km^) of the earth's total surface area (Spalding and 
Grenfell, 1997)，coral reefs are the most productive and biologically diverse marine 
2 
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ecosystems on earth. They provide habitats for hundreds of thousands of flora and 
fauna by their complex 3-dimensional calcareous structure. Besides, coral reefs also 
play the important role in assisting the formation of other marine and terrestrial 
ecosystems, including mangroves and seagrass beds, by buffering wave actions 
across the coastline (see review by Moberg & Folke, 1999; Hoegh-Guldberg et al., 
2007). 
In spite of their long history (over 200 million years) on the planet, coral reefs are 
facing serious threat of degradation in the last three decades with over 80% loss in 
their coral cover (Wilkinson et al., 2004). While natural events such as hurricanes, 
predations or competitions are causing damages to the reefs, by far the situation was 
dramatically worsened by human-induced disturbances. Anthropogenic disturbances 
can cause relatively direct and immediate threats, or chronic negative influences to 
the reefs. The instant damages include untreated sewage discharge, dredging and 
eutrophication which result in poor water quality; destructive fishing, anchoring, 
uncontrolled tourism and ship grounding which physically destroy the delicate 
structure of coral reefs; and certainly the overexploitation of fisheries resources 
which directly harm the reef biodiversity (see reviews by Rogers, 1990; Richmond, 
1993; Hughes, 1994; McManus, 1997; Wilkinson, 1999; Roberts et al., 2002; 
3 
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Wilkinson et al” 2004). On the other hand, human activities such as deforestation 
and fossil fuel burning have driven up the greenhouse gases concentrations since the 
middle of the last century and contributed to global climate change that was 
associated with worldwide coral bleaching and mortality in the last decades (review 
by Hoegh-Guldberg, 1999; Dollar & Grigg, 2004; Wilkinson et al., 2004). 
1.3 Effects of temperature and other environmental factors on coral growth 
and development 
Knowledge on the effects of different environmental factors on coral growth and 
development is essential not only for finding the optimum conditions for ex situ coral 
nurseries, but also for more precise predictions on the future of coral reefs under 
global climate change. As global sea surface temperature is predicted to continue to 
rise in the coming decades if the current trend of global emission of CO2 persists 
(Cox et al” 1995; Schmittner et al., 2008), the effect of temperature on corals and 
coral reefs has become one of the most discussed topics in the scientific community 
as well as among environmentally conscious individuals. This environmental factor 
is generally regarded as the most critical one responsible for recent coral degradation 
(Glynn arm D'Croz, 1990; Brown, 1997; Hoegh-Guldberg, 1999, 2007). There were 
past studies that reported the negative effects of sub-optimal (either reduced or 
4 
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elevated) temperatures on corals. Elevated temperatures were found to cause 
reduction in photosynthesis and increase in respiration in corals, which resulted in an 
energy shortage that eventually depressed their survivorship, growth and 
reproduction (Glynn and D'Croz, 1990; Jokiel and Coles, 1977, 1990; Gates et al., 
1992; Edmunds et al., 2001; Bassim et al., 2002; Nozawa et al., 2007; Randall and 
Szmant, 2009). Sub-lethal increase in water temperature was found to enhance coral 
growth and reproduction (Jokiel and Coles, 1990; Miller, 1995; Edmunds, 2005), but, 
related studies on the effect of temperature on coral gametogenesis were uncommon. 
This is especially so for corals that are grown in tanks or aquaria (i.e. under ex situ 
conditions). 
Because of the crucial coral-algal symbiotic relationship, light is of fundamental 
importance to reef-building corals. However, high light levels can be deleterious to 
the symbiotic algae. This is often exhibited by photoinhibition (Jones & 
Hoegh-Guldberg, 2001; Smith et al., 2005). Besides, further ozone depletion will 
lead to an increase in the amount of UVR that reaches the earth surface and thus, 
would potentially endanger corals through photodamage (Shick et al., 1996; Brown， 
1997). Moreover, light and temperature were found to affect corals synergistically by 
enhancing the adverse effects of each other (Coles and Jokiel, 1978). 
5 
Chapter 1 
Although strong water movements such as storms and hurricanes do cause serious 
physical damage to coral reefs, water flow was reported to facilitate survival, growth 
and recovery of corals by reducing sedimentation and enhancing mass transfer 
(Nakamura et a l , 2001; 2003). Being true marine organisms, corals are also sensitive 
to salinity changes. Sakami (2000) and Kerswell & Jones (2003) showed that 
regional coral bleaching events could result from reduced salinity. Furthermore, the 
calcification rate in reef-building corals could also be reduced by ocean acidification 
due to the decrease in the availability of carbonate ions (Langdon et al., 2000; Orr et 
al., 2005; Hoegh-Guldberg et a l , 2007). 
1.4 Restoration strategies 
Conservation strategies such as establishment of more and/or larger protected areas, 
regulation and reduction in greenhouse gas emission and sewage discharge to 
alleviate the sources of human pressures to leave rooms for natural recovery of coral 
reefs have been implemented in many places around the world as a response to an 
increase in the awareness of serious problems facing the coral reefs worldwide. 
However, because of the slow growth of scleractinian corals and the continuous 
threats from pollution and unsustainable harvest in reef resources, only 
6 
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approximately half of the degraded reefs showed positive signs of recovery while 
other sites continued to decline (Wilkinson et al., 2004). Furthermore, the strong 
warming event that caused extraordinary coral bleaching worldwide in 1998 is 
predicted by scientists and the IPCC (Intergovernmental Panel on Climate Change) 
to become more regular in the coming next half of a century. Such observations and 
predictions lead to the introduction of various restoration strategies involving active 
manipulations to facilitate reef recovery (review by Rinkevich, 2005). 
Coral transplantation is the frequently employed measure among the various 
restoration strategies. It involves the moving of coral materials from donor sites to 
replace the damaged or dead coral colonies in denuded areas (Rinkevich, 2005). 
Transplantation of whole coral colonies has the drawbacks of considerable impacts 
on the donor sites and high transportation cost; while fragment transplantation 
experiences high mortality or loss of transplanted materials (Epstein et al., 2001). 
"Coral reef gardening" approach was therefore suggested (Rinkevich, 1995) to 
culture small coral materials (e.g. planulae larvae, nubbins, fragments) to competent 
size in protected in situ or manipulated ex situ nurseries, to increase the 
post-transplantation survivorship of the transplanted fragments. In the ex situ type of 
mariculture, the environmental factors are potentially adjustable to further improve 
7 
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the yield of coral gardening. However, the responses of corals towards different 
environmental factors are rather species-specific and highly variable in both temporal 
and spatial scales. 
Many coral studies were carried out in tropical regions with high coral abundance 
and diversity, yet it is also valuable to investigate corals living in sub-tropical and/or 
temperate zones, especially with the possibility of coral distribution shifting towards 
higher latitudes if the global warming trend continues (Hoegh-Guldberg, 1999). 
Hong Kong is located in a subtropical region. It is one of the few possible areas in 
the world where this coral distribution shift could possibly occur. Although large 
scale coral bleaching events similar to those that occurred in the tropical regions in 
1998 were not observed in Hong Kong waters, other anthropogenic activities such as 
anchoring, destructive fishing, recreational diving and ship grounding accidents 
continue to threaten local coral communities. The development of coral gardening 
methods for restoration should therefore be looked into. Since different coral species 
and/or corals in different regions have generally been shown to have rather specific 
properties, e.g. growth rate (Highsmith, 1979; Huston, 1985, Knowlton et al., 1992), 
fecundity (Wallace, 1985, Hall and Hughes, 1996), thermal tolerance (Coles et al., 
1976; Coles and Fadlallah, 1991) and pollutant sensitivity (Fishelson, 1973), it would 
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be desirable to have "tailor-made" culture procedure for Hong Kong corals. The 
more this is so important given that coral restoration strategies are not 
well-developed in Hong Kong. Preliminary studies on the basic biology of the target 
species, particularly its reproductive biology, and the knowledge on how these 
particular species respond under ex situ conditions and after fragmentation are 
therefore the focus of the present thesis research. 
1.5 Scleractinian corals in Hong Kong and study site of this thesis research 
Being located in the subtropical region of the northern South China Sea, winter 
temperature in Hong Kong waters is relatively low (~14°C) to support a good growth 
of corals. Local corals, therefore, do not form reef but instead, only scattered coral 
communities. There is nevertheless a high diversity of corals with at least 84 
scleractinian species from 28 genera of 12 families recorded in Hong Kong (Ang et 
al. 2005). Within Hong Kong territorial waters, the western region is strongly 
influenced by freshwater discharge from the Pearl River, the largest river in southern 
China. Salinity in this region is therefore generally low and fluctuating, ranging from 
2 to lOpsu. In contrast, salinity in the eastern region is rather high and stable and thus 
the eastern region is more suitable for coral development. More extensive patches of 
coral communities are therefore concentrated in the northeastern shores partly also 
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because of the presence of more extensive rocky substratum for coral growth and 
settlement (Ang et a l , 2005). 
This research study was carried out in Tung Ping Chau (22°32"N, 114°25"E), the 
fourth Hong Kong marine park designated in 2001, located in the northeastern edge 
of Hong Kong (Figure 1.1). This relatively remote island with a sea area of about 270 
hectares supports a rich marine biodiversity, including two extensive (with 
approximately 50% coral cover) and diverse (65 species) scleractinian coral 
communities at the relatively sheltered northeastern side (Ang et al. 2000). The 
southwestern side is exposed to strong waves, thus favors the growth of macroalgae 
and soft corals. In the waters around the two coral patches, core protected areas were 
set up. Corals have the highest abundance at the depth around - Im CD (Chart Datum) 
to -3m CD (Lin, 2003). The sampling site, Cheung Sha Wan (CSW), is located next 
to A Ye Wan core area (Figure 1.2). 
1.6 Target coral species 
Acropora tumida (Verrill, 1866) belongs to the largest extant scleractinian coral 
genus Acropora of Family Acroporidae, (Wallace, 1999). Because of their 
characteristic branching growth form, Acropora species are called the “staghom 
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corals" (Figure 1.3). This genus is a popular choice for coral culture or other 
restoration studies because of its relatively fast growing nature and high abundance. 
Having higher growth rate than most other coral genera, the time for recovery after 
sampling in Acopora species will be shorter, thus less damage is imposed on the 
study site. Although Acropora species are not extensively found in Hong Kong 
waters, they are usually the most abundant corals in a mature coral reef ecosystem 
elsewhere in the Tropics. Among the Acropora species found in Hong Kong, A. 
tumida is one of the relatively common one, especially in the study site. It was 
therefore chosen as the target species in this thesis research. Besides, Acropora 
species are some of the most sensitive corals towards environmental changes (Mayer, 
1915; Rogers, 1990; Goreau et al., 2000; Marshall and Baird, 2000). Understanding 
their responses under ex situ culture conditions, especially the effects on their 
reproductive biology, could likely shed some insights on similar responses of other 
coral species as well. 
1.7 Objectives 
This thesis research has therefore the following objectives: 




2. To compare gametogenesis in A. tumida grown ex situ and in situ. 
3. To investigate how fragmentation would affect oogenesis along the 
fragmentation distance gradient in A. tumida. 
4. To study the effects of temperature on the survivorship, growth and 
reproduction of A. tumida fragments under laboratory conditions. 
1.8 Thesis outline 
This thesis is divided into six chapters. Each chapter is briefly described as follows: 
Chapter 1 Introduction 
This chapter first introduces a general background on the biology of scleractinian 
corals and their ecological significance. It then gives a brief review on the issues 
concerning recent global coral degradation, the corresponding restoration strategies 
and the effects of different environmental factors on corals. Besides, a brief 
description of the current situation of corals in Hong Kong and of the study site, 
Tung Ping Chau, is also given. Information about the target coral species, Acropora 
tumida, and the objectives of this thesis research are given as well. 




The annual gametogenic cycles of Acropora tumida in Cheung Sha Wan (CSW) from 
September 2006 to June 2009 are described based on the size and stages of oocyte 
and the stages of spermary development. Annual synchronous gametogenic cycle of 
this species started consistently in July or August over these 33 months of 
observation and spawning most likely occurred in June of each year. 
Chapter 3 Comparison on the oogenesis in Acropora tumida grown ex situ and in situ 
Oogenesis in Acroproa tumida grown in laboratory-based outdoor tank and those in 
the field was compared from December 2008 to June 2009. Significantly larger (and 
probably more mature) but more sparsely-distributed oocytes were found in the ex 
situ samples at the end of the study, i.e. just prior to the annual spawning time. 
Chapter 4 Oogenesis along a fragmentation gradient in the branching coral Acropora 
tumida 
The effect of fragmentation on oogenic development in Acropora tumida branches 
was examined from November to December 2008. No significant difference in 
oocyte size was found in different parts of the fragment along a spatial distance from 
the broken-edge, indicating that fragmentation did not cause any significant resource 
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reallocation from oocyte development. 
Chapter 5 Temperature effects on the survivorship, growth and oogenesis in 
Acropora tumida fragments grown under laboratory conditions 
Acropora tumida fragments were grown under five temperature treatments, 18°C, 
22°C, 26�C, 3 0 � C and ambient, in the laboratory from February to June 2009. Based 
on the survivorship and growth of these fragments and their oogenesis in this 
5-month study, it was concluded that corals grown under 22°C exhibited the best 
performance among the treatments and these results were most comparable to those 
observed in corals in their natural habitat. 
Chapter 6 Summary and perspectives 
A summary of the findings in this research is given. The significance of these 
findings and their implications to the coral community in Tung Ping Chau and that of 
Hong Kong in general are discussed. 
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Gametogenic Cycles of Acropora tumida in Cheung Sha Wan, 
Tung Ping Chau, HKSAR 
2.1 Introduction 
Scleractinian corals perform both asexual and sexual reproduction. Asexual 
reproduction is the production of new polyps (clones) without the involvement of 
gametes. This is mainly carried out through the following ways (Wood, 1983; Veron, 
1995): 1) Budding, also regarded as extra-tentacular reproduction, where a smaller 
mouth of the new polyp is produced from the edge of the ring of tentacles of the 
parental polyp; 2) Fission, also regarded as intra-tentacular reproduction, where oral 
disc of parental polyp iiivaginates to form two daughter polyps with similar size 
within the ring of tentacles; 3) Fragmentation, which involves re-growth of 
fragments that have been broken off from the parent colony but have subsequently 
cemented themselves to the substratum. The last method is especially common in the 
branching-form corals which differs from the former two by its ability to form new 
colonies by asexual means. 
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In sexual reproduction, gametogenesis takes place in gonads embedded in the 
mesenteries. It generally progresses in an annual cycle, yet seasonal or irregular 
patterns are observed in certain species. Examples of these include a semiannual 
cycle found in Montipora species (Peniand et al., 2004; review by Mangubhai and 
Harrison, 2008) and Oulastrea crispata (Lin, 2003) and up to three cycles per season 
observed in Pocillopora damicornis (Stoddart and Black, 1985). The sexuality of 
corals (hermaphroditic versus gonochoric) is generally consistent within species or 
even genera, yet geographical, or even temporal variations have been observed 
(Rinkevich and Loya, 1987; Richmond and Hunter, 1990; Ayre and Miller, 2006). 
About three-quarters of all scleractinian corals are hermaphroditic, i.e. possessing 
both the male and female gonads in the same polyp. The remaining ones are 
gonochoric, which possess only either male or female gonads (Veron, 1995). In 
addition to sexuality, corals can be classified into two other groups, the broadcasters 
and the brooders, depending on their mode of reproduction. Broadcasting corals are 
those that release their gametes directly to the water column for external fertilization. 
For brooding corals, fertilization is internal. Fertilized eggs (zygotes) are incubated 
within the polyp and then released as planula larvae. Corals are benthic organisms. 
Synchrony in spawning among multi-species (mass spawning) was first reported in 
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the 1980s and is generally regarded as a strategy to enhance fertilization success 
(Wallace, 1985; Shlesinger and Loya，1985). 
Acropora tumida was chosen to be the target species in this study since the species is 
one of the abundant branching corals in Hong Kong. Acropora spp. are commonly 
used in transplantation and nursery studies because of their branching growth form, 
relatively high sensitiveness to environmental changes and fast growth rate. Detailed 
coral gametogenic studies are limited in Hong Kong (Collinson, 1997; Lam, 2000; 
Lin, 2003). It is especially rare to have longer-term data beyond a year. The aims of 
this present study were therefore to monitor the gametogenesis of A. tumida and to 
assess the interannual variation in its gametogenic pattern. This will provide the basic 
information that may be used in other studies on its culture, and the evaluation of the 
effects of environmental factors on this pattern (see the following chapters). 
Acropora tumida exhibits the most common combination of reproduction strategy in 
corals, i.e. being a hermaphroditic broadcaster (Chan, 2003). It is a simultaneous 
hermaphrodite at the polyp level, which has the advantage of ensuring the 
availability of both male and female gametes in temporal and spatial proximity. Its 
broadcasting behavior can reduce the chance of self-fertilization, which will lead to 
lower genetic diversity (Miller and Babcock 1997, Willis et al. 1997). 
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2.2 Methods and Materials 
2.2.1 Samples collection 
Monthly coral samples were collected from haphazardly chosen, healthy-looking A. 
tumida colonies over 50 cm in diameter (minimum reproductive colony diameter was 
found to be 4 to 7cm in other Acopora spp. (Wallace, 1985)) at Cheung Sha Wan 
(CSW), Tung Ping Chau from September 19出 2006 to June 2009. Three 
branches 3-5cm in length from each of the five colonies were sampled in each 
collection from September 2006 to June 2007. The monthly sampling size was then 
reduced to two colonies (three branches from each) from October 2007 to June 2009 
in order to minimize the destruction to the A.tiwnda population. This is justified as 
the first year data showed a remarkable synchrony of gametogenesis among different 
colonies. 
2.2.2 Histology 
Samples were fixed for one week in 30% filtered seawater formalin after each 
collection. They were then decalcified by the decalcifying agent (including 1500ml 
32% concentrated hydrochloric acid, 3.5g ethylenediaminetetraacetic acid, 0.04g 
sodium potassium tartrate, 0.7g sodium tartrate dehydrate; with final volume 5000ml) 
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for one to three days, with the solution replaced once a day. Decalcified samples 
were immersed in running tap water overnight for acid removal before being placed 
in 75% ethanol for preservation. Tissues were then serially dehydrated with 
increasing concentration of ethanol using Leica® TP-1050 enclosed tissue processor 
and embedded in blocks of paraffin wax using THERMOLYNE® histocentre. 
Each paraffin block was serially sectioned at 7nm thickness with a microtome 
(Leica® Instruments GmbH). The sections were mounted on glass slides and stained 
with haematoxylin and eosin to reveal the nuclei in bluish purple and cytoplasm in 
pink colours respectively. Canada Balsam® or Permount® was applied to make 
permanent mounts of these sections. The mounted slides were then placed 
horizontally for 7 days (Canada Balsam®) or 2 days (Permount®) until they were 
completely dry. Sections were then examined under the microscope for gametogenic 
analyses and classification. 
2.2.3 Gamete classification and measurements 
Oogenesis was the main focus of the present study as it was generally found to last 
longer than spermatogenesis in corals (e.g. Shlesinger and Loya, 1985; Harrison and 
Wallace, 1990; Shlesinger et al., 1998). Reproductive biology of the corals can 
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therefore be assessed for a longer duration. In the present study, oocyte and spermary 
development was classified into stages I to IV according to cell size and 
morphological criteria described in Glynn et al. (1991) and Vargas-Angel et al. 
(2006). Sections were analyzed at 100 or 200 times magnification. Six sections of 
each coral branch were examined haphazardly, each section being separated at a 
distance far enough from one another to ensure no double count of the same 
oocyte/spermary. All oocytes and spermaries encountered in each section were 
classified according to the stages of their development. 
No measurement of changes in the size of spermary over time was further made. For 
oocyte size measurement, micrographs of the oocytes were taken using a Nikon® 
DXM-1200 digital camera mounted on a Nikon® microscope with a microphot-FX 
stand, equipped with a software Nikon® ACT-1 version 2.12. Images taken were 
analyzed using Image-Pro® Plus 6.0. Parameters measured included oocyte 
cross-sectional area ( | inr), maximum diameter (|im) and diameter (jim) 
perpendicular to the maximum diameter. Mean oocyte cross-sectional area was 
obtained by measuring the six largest oocytes in each polyp over the serial sections. 
Geometric diameter (jim) of these oocytes was calculated based on the following 
equation: (Wallace, 1985; Lam, 2000) 
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Geometric diameter = V Maximum diameter x Perpendicular diameter 
(Figure 2.2C) 
2.2.4 Temperature records 
Seawater temperature at the in situ study site was recorded from September 2006 to 
May 2008 at every 30 minute interval using Minilog-T temperature logger (Vemco， 
Halifax, Canada). During June 2008 to June 2009, some of the minilog data were lost. 
Temperature data for this period were therefore reconstructed based on the air 
temperature data recorded by the Hong Kong Observatory. Air temperature data were 
corrected based on their average monthly deviation to the in situ seawater 
temperature recorded from January 1997 to May 2008. 
2.2.5 Data analysis 
Relative increases in the cross-sectional area and geometric diameter (jim) of 
oocytes in A. tumida during each sampling, from September 2006 to June 2009, were 
evaluated and correlated by Pearson correlation analysis with seawater temperature. 
2.3 Results 
2.3.1 Gametogenic cycle of Acropora tumida 
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All (100%) of the sampled Acropora tumida colonies were reproductive. By avoiding 
the sterile apical zone of the coral branches (i.e. 0.5cm from the tip, see details in 
Chapter 4), all examined polyps possessed both female and male gonads, i.e. the 
species is hermaphroditic. Annual cycle of oogenesis and spermatogenesis started in 
August and November respectively and gamete release occurred in June in the 
following year. This pattern was consistent in the three years examined. Each polyp 
contained eight gonads, four females and four males, in the cross-sectional 
arrangement of alternative pairs on its mesenteries (Figure 2.1A). This pattern was 
also found in other Acropora spp. (Wallace, 1985; Vargas-Angel et a l , 2006). 
2.3.2 Oogenesis in Acropora tumida 
Oocytes with diameter less than 1 OO i^m and with indistinct nuclear membrane were 
classified as stage I (Figure 2.2A). Stage II oocytes ranged from around 60 to 250|im 
in diameter and possessed centrally-located nucleus with increased cytoplasm 
volume (Figure 2.2B). Stage III oocytes had a wide range of diameter from 200 to 
450|am with a migrating nucleus towards the periphery (Figure 2.2C) and stage IV 
oocytes ranged from over 300 to 500|im with nucleus positioned against the vitelline 
membrane (Figure 2.2D). The size range was presented in diameter instead of area 
following the classification of Vargas-Angel et al. (2006). 
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Based on the first year of study (September 2006 to June 2007) on changes in the 
size of the oocytes over time, no significant difference (in terms of area and 
geometric diameter) was found among coral colonies, nor among branches within the 
same colony (2 way AN OVA, p=0.452 (colony), p=0.357 (branch)). The sample size 
in the subsequent years (October 2007 to June 2009) was therefore reduced from five 
colonies (fifteen branches) to two colonies (six branches) to minimize the destructive 
effect of sampling on the corals. 
Geometric and/or maximum diameter of the oocyte is a parameter more commonly 
used in earlier studies (e.g. Wallace, 1985; Kojis, 1986; Shlesinger et al., 1998; 
Vargas-Angel et a l , 2006), but area measurement is more accurate in reflecting the 
actual oocyte size as the shape of the oocyte in the serial sections was not always in 
an ideal circle or ellipse. Both parameters revealed a consistent pattern of oocyte 
development, with generally smaller standard deviations observed in the area 
measurement. For better comparison with previous findings, the data on geometric 




Throughout the study period, i.e. September 2006 to June 2009, there were three 
oogenic cycles observed. In the first cycle from September 2006 to June 2007, stage 
I oocytes were found to decrease in their proportion of the total number of oocytes 
examined, from nearly 90% in September to 5% in October 2006 (Figure 2.3, Table 
2.1). Stage II oocytes were present through October to December 2006 but with 
decreasing number, ranging from nearly 95% in October to less than 3% in 
December. Stage III oocytes were found from November 2006 to April 2007, with a 
proportion that ranged from nearly 22% in November, to a maximum of 90% in 
December, and dropped to 53% in April. Stage IV oocytes, classified according to the 
position of their nucleus, were first observed in December (nearly 7%) and their 
proportion increased continuously to reach over 47% in April 2007. In June 2007, no 
oocytes (any stages) in any of the histological sections were observed (Figure 2.3). 
In terms of changes in the sizes of the oocytes, the mixture of stages I and II oocytes 
(with stage I being dominant) in September 2006 gave a mean maximum oocyte 
cross-sectional area of 6.16 士 0.88 x (n=90). The oocyte sizes continued to 
increase and reached a peak of 53.45 土 5.0 x (n=90) in April 2007, where 
nearly 50% of the oocytes measured were in stage IV (Figure 2.4A). 
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Samples were not collected from July to September 2007, so the second oogenic 
cycle examined covered the period from October 2007 to July 2008. Stage I oocytes 
were observed only in the October sample, representing less than 9% of the total 
number of oocytes examined (Figure 2.3, Table 2.1). Stage II oocytes were also 
found in October 2007 (91%) and the proportion decreased to < 13% in December 
2007. Stage III oocytes were first observed in December, comprising nearly 87% of 
all the oocytes observed. All oocytes examined from February to May 2008 belonged 
to stage III. The June samples were missed and in July, no oocytes (any stages) were 
found (Figure 2.3). 
In terms of their sizes, the mixture of stages I and II oocytes (with the dominance of 
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stage II) gave a mean maximum oocyte cross-sectional area of 12.37 士 1.03 x lO'^jim 
(n=36) in October 2007. Thereafter, the oocytes increased in their size and reached a 
peak of 62.32 士 2.81 x l O ^ n r (n=36) in May 2008 where all the oocytes measured 
were in stage III (Figure 2.4A). 
In the third oogenic cycle from August 2008 to June 2009, stage I oocytes made up 
of over 91% of all the oocytes examined in August 2008 (Figure 2.3, Table 2.1). This 
proportion decreased in the subsequent two months until none was observed in 
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November 2008. Stage II oocytes first appeared in August 2008. Their proportion 
increased from 8% in August to reach a peak with over 76% in October, and 
decreased to 4% in December 2008. Stage III oocytes were observed from November 
2008 to June 2009, with over 37% in November, peaked in February (100%) and 
remained at such level in March and April. On June 2009, stage III oocytes 
coexisted with stage IV oocytes but comprising < 8% in proportion. On June 
only one oocyte (stage III) was left in the samples examined (Figure 2.3). 
For oocyte size measurement, stage I oocytes in August 2008 had a mean maximum 
cross-sectional area of 5.70 士 0.72 x lO^ni^ (n=36). The oocytes increased in their 
size relatively gradually at around 4.31 x per month throughout most of the 
cycle except for two periods. Nearly four-fold and nine-fold increases in oocyte size 
were observed from October to December 2008 (an increase of 16.65 x per 
month) and in May to June 2009 (an increase of 39.02 x lO^m" per month) 
respectively. Similar rapid increase in the size of early vitellogenic stage (October to 
December) was also recorded in the previous two cycles, though at a lesser extent 
(i.e. two-fold and three-fold increases in 2006 (9.06 x lO^jim^ per month) and 2007 
(11.52 X per month) respectively). On the other hand, an increase in size just 
before the onset of spawning in the first two cycles studied were not verified as the 
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last samplings prior to the predicted annual spawning event in June were earned out 
one or two months earlier (in April 2006 and in May 2007 respectively). Finally, the 
oocyte size reached a peak in June 2009, with a mean maximum cross-sectional area 
of 108.67 士 11.96 X lOVm" (n=36) measured on June The single immature 
oocyte found on June had a maximum cross-sectional area of 54.57 x 10"'|j.m" 
(Figure 2.4A). 
2.3.3 Spermatogenesis m Acropora tumida 
For spermary, its developmental stage classification also follows that described in 
Vargas-Angel et al. (2006). Stage I spermaries were characterized by their closely 
mesoglea-associated unbound cells (Figure 2.5A). Spermaries with clusters of cells 
having prominent nuclei were identified as stage II (Figure 2.5B). Early stage III 
spermaries had densely packed cells that dramatically increased in number (Figure 
2.5C) and late stage III spermaries were those having obvious lacuna in their center 
(Figure 2.5D). Spermatocytes in stage IV spermaries were reduced in size but with 
further increased in their number. The lacuna also disappeared (Figure 2.5E). 
In all the three study years, stage I spermaries were first detected in November; stage 
II was observed in December to February, and stage III started to appear in February. 
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Stage IV spermaries were observed in June 2009 (Table 2.1). 
2.3.4 Temperature data 
Based on the seawater temperature records, the temperature at the in situ site 
remained higher than the average since October 2006 during the first oogenic cycle 
(from July 2006 to June 2007). This warm winter persisted until March 2007, 
covering the period corresponding to the early to the late vitellogenesis in A. tumida. 
In the second cycle, no prolonged (over 2 months) warming or cooling of the 
temperature was observed, but with the temperature remarkably colder in February 
2007 (14.5�C) and June 2007 (26.7�C). In the third cycle, there was an apparently 
warm September (2008) (29.7�C) and a warm February (2009) (19.3�C) (Figure 
2.4B). 
The seawater temperature showed a statistically significant positive correlation with 
the relative oocyte size increase (Pearson correlation, n=19, cross-sectional area: 
尸0.645, p=0.003; geometric diameter:尸0.530，p=0.020), but its correlation with the 
absolute oocyte size increase was not significant, over this thirty-three-month in situ 
monitoring period. Different patterns of oocyte size increase can be observed from 
the fall to the winter (with decreasing temperature) and from the winter to the spring 
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(with increasing temperature). There was no significant correlation between the 
relative oocyte size increase and the temperature in the fall-winter period, but 
significant positive correlation was found in the winter-spring period (Pearson 
correlation, n=10, cross-sectional area: r=0.838, p=0.002; geometric diameter: 
r=0.752, p=0.012). 
2.4 Discussion 
2.4.1 Gametogenic cycle of Acropora tumida 
Acropora tumida showed the typical gametogenic cycle generally observed in many 
hermatypic corals (Harrison and Wallace 1990; Richmond and Hunter 1990). 
Although there were missing data in certain months, consistent trend of 
gametogenesis was still observable throughout the study period covering three cycles. 
Oogenesis of A. tumida started approximately three months earlier than 
spermatogenesis in mid summer, with a duration of 10 months (from August to June 
of the following year); while spermatogenesis lasted for seven months and began in 
mid autumn (in November). 
Although no mass spawning of A. tumida was actually observed in the present study, 
the timing of mass spawning can be deduced from the disappearance of the oocytes 
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in the gonad (i.e. spent gonads). This timing was likely to be closely related with the 
phases of the moon (Szmant-Froelich et al., 1985; Kojis, 1986; Babcock et al., 1986; 
Richmond and Hunter, 1990). This being the case, mass spawning over the study 
period most likely occurred during the following dates; June in 2007; June 
19th-25ih in 2008 and June in 2009. 
2.4.2 Oogenesis \n Acropora tumida 
Based on previous studies on other Acropora spp., oocytes entered their stage IV of 
development one to two weeks prior to spawning (Vargas-Angel et al., 2006). For 
the cycle from September 2006 to June 2007 in the present study, oocytes matured 
much earlier than expected as there were stage IV oocytes observed in the samples 
collected in December 2006, only four months after the putative initiation of 
oogenesis in August 2006, and nearly six months before the expected spawning 
period in June 2007. This unusual phenomenon was possibly due to the abnormally 
warm winter in this cycle (Figures 2.3 and 2.4B). Moreover, when compared with 
those observed in the corresponding months in the subsequent two years of study, the 
maturation of the oocytes in 2006 — 2007 was not accompanied by a comparable 
increase in their size. In other words, stage IV oocytes in December 2006 to April 
2007 (ranged from 34.85 x 10^ to 65.95 x lOVm") were distinctively smaller than 
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those recorded in 2008-09 (ranged from 105.43 x 10^ to 135. 13 x lOVm"). 
The mean geometric and maximum diameters of mature oocytes in A. lumida 
recorded in this present study were 439.30 士 23.10|j,m and 537.44 士 80.17[im 
respectively, comparable to those observed in other Acropora species in past studies 
(Collinson, 1997: 438.0 士 78.3|im in A. humilis; Shlesinger et al. 1998: 375 to 
420|j,m in A. eurystoma, A. hemprichi, A. humilis, A. hyacinthus, A. scandenus, A. 
variabilis; Vargas-Angel et al., 2006: 495.1 士 8.3|im in A. cervicornis). 
Differences in the maximum mean oocyte size in each cycle: 53.45 士 5.01 x lO'^jim" 
in April 2007 (45 days prior to predicted spawning period), 62.32 士 2.81 lOVm^ in 
May 2008 (27 days prior to predicted spawning), 108.67 士 11.95 lOVm" in June 
2009 (6 days prior to deduced spawning) observed in the present study were likely 
due to differences in the sampling time prior to spawning. In previous findings 
(Shlesinger et al. 1998) and in oogenesis recorded in the third year of the present 
study, corals generally showed a greater increase in oocyte size in later stage. 
Therefore, being closer to the annual spawning time, samples collected in June 2009 
possessed eggs with approximately double the size of those collected in the previous 
two years prior to spawning. As exhibited by the significantly positive correlation 
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between the relative oocyte size increase and temperature, increasing temperature 
during the winter-spring period potentially served as an environmental cue for 
triggering this dramatic oocyte size enlargement in the later stage of oogenesis. 
The two oogenic cycles covering the periods from October 2007 to July 2008 and 
August 2008 to June 2009 exhibited similar patterns in both the development of the 
oocyte size and stages. These results were consistent with those in previous study 
(Collinson, 1997; Vargas-Angel et al., 2006). 
2.4.3 Spermatogenesis in Acropora tumida 
A seven-month spermatogenic cycle was generally exhibited in Acropora tumida 
investigated in the present study. This is long when compared with the other species 
within the same genus (e.g. three months in A. hyacinthus, A. valida, A. nohilis 
(Wallace, 1985); five months in A. cuneata (Kojis, 1986), A. cervicornis 
(Vargas-Angel et a l , 2006)), yet it is comparable to local A. humilis (Collinson, 
1997). Longer duration, however, did not result in larger spermaries recorded. This 
difference in duration was possibly a result of inter-species differences. One possible 
hypothesis is that more time is required for male gamete to develop in Hong Kong 
because of the cold winter seawater temperature in this subtropical site. Shorter 
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spermatogenesis was also observed in a gonochoric coral species, Montastrea 
cavernosa, at Santa Marta (site with earlier and longer warm season) than at Puerto 
Rico, in the Caribbean (Acosta and Zea, 1997). 
Apart from the duration of spermatogenesis, spermaries in A. tumida developed over 
the same period (November to June) in every study year. Such consistency in 
spermary development may explain why there was no early spawning after the early 
maturation of female gonad in 2006-07. This suggested that oogenesis was rather 
independent of spermatogenesis, and depended more on the environmental factors 
such as temperature. With warm winter in 2006-07 being a possible reason for the 
early appearance of stage IV oocytes in late December of 2006, release time of 
oocytes, however, was likely related to the maturation of spermatocytes (in addition 
to lunar phase). This ensures the synchronous shedding of both female and male 
gametes (by the formation of mature egg-sperm bundles) and the subsequent success 
of fertilization (Wallace, 1985; Oliver and Babcock, 1992). 
To conclude, although individual polyps in a coral are considered to be 
physiologically independent theoretically in spite of it being a modular organism 
(Lin 2003), there is synchrony in their reproductive characters such as the timing of 
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gamete development and spawning at the colony level, as shown by the present study. 
This thirty-three-month study revealed that the reproductive cycles of A. lumida are 
generally consistent year after year in terms of both the timing of development and 
the gamete size. The unusually early oocyte maturation in 2006-07 and a longer 
duration in spermary development of local A. tumida; seemed to suggest temperature 
as a critical environmental factor in determining the gamete developmental rate. 
More studies are certainly needed to be verified by this observation, and by further 
studies to compare the performances of with other coral species in different regions 
and/or to examine the response of corals under artificially controlled temperatures. 
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Table 2.1 Developmental stage classification of ooctyes and spermaries in 
Acropora tumida from September 2006 to June 2009. No gametes were 
observed in June 2007, July 2008 and only one oocyte was found on 
June 30th 2009. 
IBBHBBaMBi|Winill»IMIWiflWIMHTtHIM[MWiy»HltfrflMMTMft*iWHy«!HVMIflB|WMWmBWWV«fWlW,WI 醐 BdWIIj BhWWIflWlMHHiWUIMBMI 
N o . o f Stage Proportion o f stage I-IV 
S a m p l i n g … ， N , … General s tage 
I-IV o o c y t e s o o c y t e s (%) 
Date (No. of oocytes examined) o f spermaries 
III nil Hill riiv I II III IV 
Sep-19-06 46 6 0 0 52 88 .46 11.54 0 0 -
Oct-24-06 4 73 0 0 77 5 .19 94.81 0 0 -
N o v - 2 1 - 0 6 0 77 21 0 98 0 78 .57 21 .43 0 1 
Dec -20 -06 0 3 106 8 117 0 2 .56 90 .60 6 .84 II 
Jan-16-07 0 0 119 36 155 0 0 76 .77 23 .23 II 
Feb-27-07 0 0 83 40 123 0 0 67 .48 3 5 . 5 2 Il/IH 
Mar-20-07 0 0 70 41 111 0 0 63 .06 36 .94 11/111 
Apr-17-07 0 0 136 122 258 0 0 52.71 4 7 . 2 9 111 
Jun-29-07 - - - - - - -
Oct-09-07 6 65 0 0 71 8.45 91 .55 0 0 -
Dec -19 -07 0 20 129 0 149 0 13.42 96 .58 0 II 
Feb-12-08 0 0 154 0 154 0 0 100 0 II/IIl 
Apr-25-08 0 0 273 0 273 0 0 100 0 111 
May-23-08 0 0 267 0 267 0 0 100 0 III 
Jul-02-08 - - - - - - -
A u g - 1 9 - 0 8 55 5 0 0 60 91 .67 8.33 0 0 -
Sep-30-08 4 0 14 0 0 54 74 .07 25 .93 0 0 -
Oct -22-08 15 49 0 0 64 23 .44 76 .56 0 0 -
N o v - 0 5 - 0 8 0 63 38 0 101 0 62 .38 37 .62 0 I 
D e c - 0 9 - 0 8 0 6 139 0 145 0 4 . 1 4 95 .86 0 I/II 
Feb-18-09 0 0 140 0 140 0 0 100 0 II/Ill 
Mar-25-09 0 0 138 0 138 0 0 100 0 III 
Apr-28-09 0 0 3 2 0 0 320 0 0 100 0 III 
Jun-02-09 0 0 2 6 2 21 283 0 0 92 .58 7 .42 III/IV 
Jun-30-09 0 0 1 0 I (1 0 iOO 0 iii 
EMHM^B^ M^BBlMBiBBHliM^B^WiBi^PB^IWMHBWBHp—HBBBWBBBHWiMWmKWrtWIfjf H p jpFi^iPPI^BBMSW^MMfMWPPBWBWHBiWI^W^^yW^  
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Table 2.2 Mean (士 SD) area and geometric diameter (jj,m) of ooctyes of 
Acropora tumida from September 2006 to June 2009. No oocyte was 
observed in June 2007, July 2008 and June 2009. 
Day n 
Sampling (prior to the (No. of Area Geometric 
Dav 
Date most likely oocytes (x 10 | i m ) diameter (^m) 
spawning dale) measured) 
Sep-19-06 1 255 90 6.16 士 0.88 102.56 ± 13.02 
Oct-24-06 36 220 90 13.63 ± 1.80 160.17 士 18.37 
Nov-21-06 6 4 1 9 2 9 0 2 1 . 7 4 土 1.85 1 7 0 . 8 4 士 2 6 . 8 6 
Dec-20-06 9 3 163 9 0 3 0 . 8 4 士 3 . 8 5 1 8 9 . 1 0 ± 1 7 . 6 8 
Jan-16-07 120 136 90 43.13 土 2.85 236.01 ± 2 4 . 0 7 
Feb-27-07 162 94 90 45.55 士 3.39 247.77 士 21.05 
Mar-20-07 183 73 90 47.73 ± 2.66 253.72 士 18.88 
Apr-17-07 211 45 90 53.45 ± 5 . 0 1 269.14 士 30.63 
Jun-29-07 284 355 - - -
Oct-09-07 386 253 36 12.37 土 1.03 149.32 士 21.61 
Dec-19-07 456 183 36 39.63 ± 3 . 6 9 217.70士 17.18 
Feb-12-08 51 1 128 36 48.71 ± 4 . 9 0 238.63 土 21 .88 
Apr-25-08 584 55 36 50.74 ± 3 . 7 7 250.85 ± 2 8 . 3 4 
May-23-08 612 27 36 62.32 ± 2 . 8 1 280.08 土 30.84 
Jul-02-08 652 341 - -
Aug-19-08 700 293 36 5.70 士 0.72 78.45 ± 1 0 . 8 0 
S e p - 3 0 - 0 8 742 251 36 12 .44 士 0.52 124.32 士 11 .62 
Oct-22-08 764 229 36 13.41 ± 1.84 128.64 ± 1 6 . 8 9 
Nov-05-08 778 215 36 2 1 . 2 8 ± 1.12 176.30 士 16.27 
Dec-09-08 812 181 36 40.05 士 3.25 226.18 ± 1 2 . 2 2 
Feb-18-09 883 1 10 36 49.54 士 4.89 234.68 土 12.53 
Mar-25-09 918 75 36 52.94 ± 6 . 4 4 282.66 ± 3 5 . 7 0 
Apr-28-09 952 41 36 63.15 土 7.09 279.61 ± 2 4 . 1 3 
Jun-02-09 987 6 36 108.67 ± 11.95 382.90 ± 4 0 . 5 2 
Jun-30-09 1015 - - -
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Table 2.3 Mean (士 SD) maximum and perpendicular diameters (pm) of ooctyes of 
Acropora tumida from September 2006 to June 2009. No oocyte was 
observed in June 2007，July 2008 and June 2009. 
Day n 
Sampling (prior to the (No. of Maximum diameter Perpendicular diameter 
Day 
Date ‘ most likely oocytes (|im) (|im) 
spawning date) measured) 
Sep-19-06 I 255 90 123.32 ±20 .03 85.66 士 10.32 
Oct-24-06 36 220 90 180.37 士 18.08 142.66 ± 2 1 . 0 9 
Nov-21-06 64 IQ2 90 200.00 士 20.30 147.74 土 26.60 
Dec-20-06 93 163 90 212.72± 16.58 168.47 ± 2 1 . 0 4 
Jan-16-07 120 136 90 291.36 ±24 .38 192.14 士 28.45 
Feb-27-07 162 ()4 90 298.52 士 23.30 206.00 士 22.42 
Mar-20-07 18? 73 90 302.11 ±26 .79 213.83 ± 2 3 . 1 9 
Apr-17-07 211 45 90 343.42 士 34.23 212.14 ± 3 5 . 1 2 
Jun-29-07 284 355 - - -
Oct-09-07 386 253 36 178.88 ±25 .96 125.05 ±20 .76 
Dec-19-07 456 183 36 261.88 ±23 .56 181.64 士 19.80 
Feb-12-08 511 128 36 286.63 士 31.09 199.15 ±19 .91 
Apr-25-08 584 55 36 311.28 ±33 .31 202 .98 士 31.18 
May-23-08 612 27 36 356.03 土 40.71 220.98 ±29 .01 
Jul-02-08 652 341 - - -
Aug-19-08 700 293 36 84.43 士 12.59 73.16 士 11.12 
Sep-30-08 742 251 36 146.52 土 11.41 105.97 ±15 .35 
Oct-22-08 764 229 36 162.17 士 21.41 102.94 士 18.71 
Nov-05-08 778 215 36 194.44 ± 19.63 160.23 士 17.03 
Dec-09-08 812 181 36 275.31 ±23 .25 186.40 ± 13.69 
Feb-18-09 883 1 10 36 285.09 士 31.58 193.70± 16.00 
Mar-25-09 918 75 36 329.31 士 62.74 245.55 士 41.89 
Apr-28-09 952 41 36 342.68 士 35.66 230.70 士 38.17 
Jun-02-09 987 6 36 484.36 ±82 .08 307.32 ± 4 8 . 9 4 
Jun-30-09 1015 - - -
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Figure 2.1 A) Cross-sectional arrangement pattern of male and female gonads in 
Acropora tumida, B) Spawned gonads in Acropora tumida 
•?、 V i ^.—rf L >' r nucleolus 
义、 A 
J .戲 \ S 
Figure 2.2 Oocyte developmental stages of Acropora tumida: 
A) Stage I; B) Stage II; C) Stage III，solid line shows the maximum 
diameter measured and the dotted line as the perpendicular diameter and 























































































































































































































































































































































































































































1 2 0 - A T - 5 0 0 
f^ I I 
E jQQ — C r o s s - s e c t i o n a l area I 一 
r ^ • o- Geometric diameter P ^ 
S ” I 
CO 丨 D 
fe 80 - 4 1 
« 巧 
§ T T if - 300 .g 
••g 1 i 9 h U 
m -J 
0 ^ ：：^  ——0 
I 
10 -
J _ 一參一 in situ (2006-2009) 
• o • in situ (mean value since 1997) 
0 1 1 1 1 1 1 1 1 1 1 1 I 
Sep-06 Dec-06 Mar-07 Jun-07 Sep-07 Dec-07 Mar-08 Jun-08 Sep-08 Dec-08 Mar-09 Jun-09 
Figure 2.4 A) Oogenic cycles of Acropora tumida from September 2006 to June 
2009 in CSW, Tung Ping Chau, HKSAR showing changes in the 
mean (士 SD) oocyte size in terms of cross-sectional area (jam ) 
presented by solid circles and lines, and geometric diameter (pm) 
presented by hollow circles and dotted lines. The grey arrow indicates 
the most likely spawning time. The number of oocytes measured (n), 
sampling date, day from the start of study and day from the previous 
spawning time are given in Table 2.2; B) Temperature profile from 






Figure 2.5 Spermary developmental stages of Acropora tumida.. A) Stage I 
spermary; B) Stage II spermary with an oocyte (Oo); C) Early stage III 





Comparison on the Oogenesis in Acropora tumida 
Grown Ex situ and In situ 
3.1 Introduction 
Global coral reef degradation has been reported since 1980s and the natural recovery 
process is usually slow (Fox et al., 2003; see also reviews by Jaap, 2000 and 
Rinkevich, 2005). With global climate change being imminent and anthropogenic 
impacts continue to impose serious threats on reefs worldwide, various restoration 
strategies have been developed to enhance coral (reef) rehabilitation. Common 
restoration measures include the use of artificial reefs (Fitzhardinge and 
Bailey-Brock, 1989; see review by Bohnsack and Sutherland, 1985), substrate 
stabilization (Clark and Edwards, 1995; Fox et al., 2005), coral transplantation (e.g. 
Clark and Edwards, 1995; Bruno, 1998; Lirman, 2000; Soong and Chen, 2003); and 
a combination of methods (Oren and Benayahu, 1997). Coral transplantation, the 
most common method, involves moving corals from external sites to denuded areas 
as the sources for recovery. However, high mortality in fragment transplantation and 
considerable damage to donor site in whole colony transplantation were problems 
encountered in the application of this measure (Yap et al., 1992; Clark and Edwards, 
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1995; Bruno, 1998; Edwards and Clark, 1999; Lirman, 2000; Bowden-Kerby, 2001). 
A new approach, involving coral gardening, has been suggested to address some of 
these problems (Riiikevich, 1995). In this restoration strategy, coral ramets (asexual) 
or planula larvae (sexual) are cultured either in situ in protected areas or ex situ in 
tanks, to rear them into larger size so that they would have a much higher probability 
to survive and grow on their own when transplanted to denuded area (Rinkevich, 
1995; 2000). In addition to restoration, corals mass-produced from gardening can 
also serve as substitutes of the natural ones for experimental studies, or for the 
marine aquarium industry (Yap et a l , 1998; Rinkevich and Shafir, 2000). 
Since the gardening strategy was first proposed in 1995, more studies have been 
carried out in in situ protected area (Soong and Chen, 2003; Oniori, 2005; Amar and 
Rinkevich, 2007; Okubo et a l , 2007) than in tanks (Shafir et al., 2001; Forsman et al., 
2006), as the former environment would resemble that of the donor site more closely, 
and the survival rate of the transplanted corals was thus usually higher. Besides, 
transportation cost was also much less in general. A floating mid-water coral nursery 
has been introduced recently that would provide improved environmental conditions 
such as adjustable irradiation, enhanced water movement and reduced sedimentation 
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(Shafir et al., 2006). On the other hand, ex situ tank can allow frequent visual 
monitoring of transplanted corals to allow potential optimization of the culture 
conditions. Two Acropora spp. cultured in tanks were found to have comparable 
growth as those in the field (Becker and Mueller, 2001). Another ex situ study 
recorded reduced growth rate and survivorship in two Pontes spp. because of algal 
overgrowth (Yap and Molina, 2003). Successful cultivation oiAcropora corals from 
eggs to colonies was also reported (Omori, 2005). 
Although coral gardening studies were not rare in the last several decades, most of 
these studies focused on coral growth, survival and/or metabolism. Investigations on 
the effect of coral gardening on coral reproduction were uncommon. Most studies 
concentrated more on the success rate of spawning or larval development (reviewed 
by Rinkevich, 2005). Only a very limited number of studies focused on gamete 
development (Okubo et al., 2007; 2009) in spite of the fact that such development is 
one of the crucial parameters to test the feasibility of the gardening concept. The 
major reason for this is that gametogenic study requires much longer time (at least 




Because of the relatively low abundance of corals in Hong Kong waters (Ang et al.， 
2000; Lin, 2003), compared to the tropical regions, it would not make conservation 
sense to culture sizeable number of whole coral colonies under ex situ conditions for 
comparison, unlike what was done in other previous studies (Yap and Gomez, 1985; 
Clark and Edwards, 1995). Moreover, the current knowledge on local coral culture 
and transplantation techniques and methodology is also seriously lacking. While 
transplanting broken fragments back to the donor sites is an alternative, heavy 
sedimentation and destructive storms in summer make this approach highly 
impractical. Small coral fragments were found to have high mortality (up to 100%) 
mainly due to burial by silt (Highsmith, 1982; Smith and Hughes, 1999; Lirman, 
2000). Besides, high turbidity also restricts coral distribution in Hong Kong in most 
cases to less than 5 m depth of subtidal water. The use of mid-water nursery is thus 
also not practical given the logistic difficulty of setting up such nursery in highly 
unstable shallow water environment. For all practical purposes, ex situ culture of 
coral fragments for coral restoration project may be a more realistic option. A 
comparison of the reproductive development of the ex situ fragments and that of the 
in situ intact colonies of the coral Acropora tumida was therefore the focus of this 
study with the objective of evaluating how ex situ culture condition(s) could affect 
female gamete development (oogenesis) in these corals. Both ex situ and in situ coral 
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reproductions in A. tumida were monitored from December 2008 to June 2009. 
3.2 Methods and Materials 
3.2.1 Samples collection 
This study initially started in October 2007 and focused on investiging oogenesis in 
late vitellogenetic and spawning stages (i.e. February to June 2008) in Acropora 
tumida fragments grown ex situ in outdoor tank. However, the tissues in these ex situ 
samples were too fragile for decalcification. They were thus not successfully 
processed histologically except for the April samples (after certain modifications in 
methodology were applied, see below). Besides, failure of the seawater pump at the 
time of continuous heavy rainfall for three continuous days in early June 2008 
seriously diluted the seawater in the culture tank. The drop in salinity from 30psu to 
17psu caused the coral fragments in the tank to bleach and eventually die. Therefore, 
the experiment was forced to terminate prematurely. 
The investigation was re-launched in December 2008, and coral branches (three to 
five cm in length) were collected from haphazardly chosen, healthy-looking colonies 
over 30cm in diameter (minimum reproductive colony diameter was found to be 4 to 
7cm in other Acropora spp. (Wallace, 1985)), at Cheung Sha Wan (CSW), Tung 
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Ping Chau. Samples (three branches) were haphazardly selected from the coral 
fragments collected and were immediately fixed in 30% formalin and analyzed 
histologically for their oocyte developmental stages following the protocols 
described in Chapter 2, Section 2.2.2 but with some modifications. The decalcifying 
agent used was 50% lower in its concentration to prevent damage to the relatively 
fragile ex situ coral tissues and more time (for two to five days) was allowed for the 
decalcifying process. 
Extra coral fragments were brought back to the Marine Science Laboratory and 
cultured in an outdoor circular concrete tank (diameter: 2.5m; depth: Im) (Figure 3.1) 
with the temperature kept above 20°C throughout the study period. To overcome the 
problem of high mortality in coral fragment grown ex situ in tank due mainly to their 
vulnerability to sedimentation, the coral fragments were hanged approximately 20 
cm above the tank bottom using fishing line (thickness 0.34mm) in order to avoid 
being covered by sediment (Soong and Chen, 2003). These fragments were then 
randomly selected for histological analysis at each sampling time and compared with 
their in situ counterparts from February to June 2009. These in situ samples were the 
same as those analyzed in Chapter 2. 
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3.2.2 Histological analysis 
Treatment of the coral fragments for histological analysis was similar to that 
described in Chapter 2 Section 2.2.3 except for the decalcification process used for 
the ex situ samples mentioned above. Oocytes were classified into developmental 
stages I-IV and their geometric diameter and cross-sectional area measured in the 
same way. One additional parameter, oocyte density (no. of oocyte/ mm�)，was 
included to compare the ex situ and in situ A. tumida samples. This estimation was 
done by counting the mean number of oocytes on three sections among the slides that 
represented each branch (i.e. three to five slides for each branch) and measuring the 
cross-sectional area of each section (mm"). 
Spermatogenesis was only investigated by developmental stage classification based 
on the gonad size and gamete orientation (Vargas-Angel et al., 2006) in the similar 
way described in Chapter 2 Section 2.2.4. 
3.2.3 Environmental conditions 
Temperature data for the study period were reconstructed based on the air 
temperature data recorded by the Hong Kong Observatory. Air temperature data were 
corrected based on their average monthly deviation to the in situ seawater 
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temperature recorded from January 1997 to May 2008. On the other hand, water 
temperature (°C) in ex situ outdoor tank was recorded throughout the study period 
(December 2008 to June 2009) using a similar temperature logger mentioned in 
Chapter 2. 
The monthly mean water quality data from July 2008 to July 2009, including salinity 
(psu), dissolved oxygen (mg/L), nitrite nitrogen (nig/L), nitrate nitrogen (mg/L), 
orthophosphate phosphorus (mg/L), ammonia nitrogen (mg/L) and unionized 
ammonia (mg/L) concentrations at three different depth zones (surface, middle and 
bottom) at sites (sites B and D respectively in Figure 3.2) near the Marine Science 
Laboratory (Tank Culture site, Site C) and the collection site in Tung Ping Chau (Site 
A in Figure 3.2) were obtained from the Environmental Protection Department of the 
HKSAR Government. 
3.2.4 Data analysis 
The difference in the monthly mean cross-sectional area geometric diameter 
(|J.m) and density (no. of ooctyes per mm") of oocytes in A. tumida between the ex 
situ and in situ samples were compared using Student's /-test. Water temperature 
data were correlated with the absolute and relative (%) increase in oocyte size by 
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Pearson correlation analysis. Water quality data of different factors at different depth 
zones at sites B and D were compared using 2-way ANOVA (Factors = site x time). 
Monthly differences in the mean seawater temperature between the ex situ and in situ 
sites were compared using Student's /-test. 
3.3 Results 
3.3.1 Comparison of oogenesis in ex situ and in situ Acropora tumida samples 
Al l (100%) Acropora tumida fragments examined were hermaphroditic. Samples 
collected in December 2008 had mostly (95.86 %) stage III oocytes with a small 
proportion (4.14%) of stage II oocytes (Table 3.1, Figure 3.3). Mean maximum 
cross-sectional area and geometric diameter of the six largest oocytes in each 
fragment examined were 40.04 士 3.25 x 10'Vm^ and 226.18 士 12.22|im respectively 
(n=36). The oocyte density was 0.90/ mm〗. From February to June 2009, five 
monthly sets of fragments were examined for histological analyses in total. Both ex 
situ and in situ samples remained 100% reproductive, with all oocytes examined 
developed into stage I I I oocytes over the first four month period. On 2"廿 June, stage 
IV oocytes started to appear in both types of samples, representing 35.25% and 




From the initial mean size of the oocytes in December 2008 samples, there was a 
continuous increase in oocyte size in both ex situ and in situ coral fragments 
examined (Table 3.2，Figure 3.4). By February 2009, significant differences in oocyte 
mean area and geometric diameter between ex situ and in situ coral fragments were 
already detected (Student's /-test, p<0.05). Ex situ A. tumida had oocytes with mean 
(土 SD) cross-sectional area of 54.34 士 7.79 x 1 a n d geometric diameter of 
292.89 土 37.96|im, while those in in situ fragments were 49.54 土 4.89 x lO'Vm" and 
234.68 土 12.53|^m respectively. Significantly larger oocytes both in terms of mean 
area and geometric diameter were found in ex situ samples throughout the study 
(Table 3.2, Figure 3.4). 
In terms of oocyte density, a general increasing trend in both sets of coral fragments 
was observed, from 0.90/mm~ in December 2008 to 1.86/mnr in ex situ samples and 
2.54/mm^ in in situ ones in June 2009 albeit with some fluctuations (Table 3.2, 
Figure 3.4). Throughout the study period, in situ samples generally had a higher 
oocyte density than the ex situ samples but the difference between the two types of 




3.3.2 Comparison of spermary development in ex situ and in situ Acropora tumida 
samples 
For male gametogenesis, there was no notable difference in the developmental 
progress between ex situ and in situ corals. Both groups of corals were found to 
possess a mixture of stages I and II spermaries in December 2008. Stage IV 
spermaries were observed in June samples. On June 30 '^' 2009, no spermaries 
were found in either ex situ or in situ A. tumida samples. 
3.3.3 Environmental conditions 
Temperature recorded in the ex situ tank was significantly higher (Student's /-test 
p=0.035) than that projected at the in situ site from December 2008 to June 2009 
(Figure 3.5). Based on the water quality data from July 2008 to July 2009 (covering 
the study period) provided by the Environmental Protection Department of the 
Government of HKSAR, there were no statistically significant differences (2 way 
ANOVA, p> 0.05) in dissolved oxygen (mg/L), nitrite nitrogen (mg/L), nitrate 
nitrogen (mg/L) and orthophosphate phosphorus (mg/L) concentrations between sites 
B and D over time. Significant differences were, however, detected in salinity (psu) 
ammonia nitrogen (mg/L) (p=0.001) and unionized ammonia (mg/L) 
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(p=0.007) concentrations between the two sites. Changes in these environmental 
parameters, however, were not significantly correlated with the pattern of oocyte 
development in both in situ and ex situ corals (Pearson correlation, n=5, p>0.05). 
3.4 Discussion 
There was no significant difference in the proportion of oocytes in different 
development stages (1 to IV) between the ex situ and in situ A. tumida fragments. 
Both possessed 100% stage III oocytes from February to May 2009. This similarity 
in oocyte developmental pattern between the two types of samples was likely due 
partly to the timing of the start of the experiment, i.e. in December (2008). The corals 
collected from the field were already at their middle vitellogenetic stage of 
development. Hence most of the oocytes had already reached stage III. Besides, 
having a long duration of stage III, in contrast to a short stage IV period (only about 
one week prior to spawning) is common among Acropora spp. or in other coral 
genera (Stoddart and Black, 1985: in Pocillopora damicornis; Szmant-Froelich et al., 
1985: in Favia fragum; Vargas-Angel et al.’ 2006: in Acropora cervicornis). Al l 
these contributed to the expected no difference in ex situ and in situ A. tumida 
oogenesis observed until June 2009, when the annual spawning event approached 
and the oocytes started to enter their last developmental stage. From the last set of 
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samples collected before spawning (on June 2'力，greater proportion of stage IV 
oocytes was observed in ex situ than in in situ samples, implying that oogenesis 
proceeded faster in ex situ than in in situ A. tumida. Furthermore, since both ex situ 
and in situ spawning events were not witnessed in the present study, whether this 
apparent advancement in oocyte maturation would lead to an earlier spawning in ex 
situ corals could not be verified. Besides, a series of environmental factors other than 
those that affected oocyte development could also be involved in the timing of coral 
mass spawning. Lunar periodicity was generally considered as one of the most 
closely-related factors (Kojis, 1986; Babcock et al” 1986; Richmond and Hunter, 
1990). Therefore, even with a faster reproductive development, the corals may not 
release the gametes until the appropriate lunar dates. 
For oocyte size, both maximum oocyte cross-sectional area and geometric diameter 
in ex situ coral fragments were significantly larger than those in in situ fragments 
since February, i.e. within two months of growth in the tank. During the whole 
six-month study period, oocytes in ex situ samples had a nearly three-fold increase in 
cross-sectional area, while only less than two-fold in in situ samples. On the other 
hand, lower oocyte density was found in ex situ fragments throughout the study 
period, though the difference only became significant in April. These suggested that 
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A. tumida was induced to have larger but less oocytes under ex situ condition. 
Larger eggs with more maternal investment (per individual) would develop into 
larger larvae, which then could have better survival performances and suspend in 
water column for longer period of time to search for more suitable site for settlement 
(Wallace, 1985). Yet, the benefits of larger eggs are always accompanied by the costs 
of lower fecundity because of limited resources (Smith and Fretwell, 1974). The 
optimal balance between egg size and number is species-specific and 
environment-dependent (Bernado, 1996). Therefore, a species should balance the 
costs and benefits of these two reproductive strategies in response to environmental 
variations, while the shift from number to size in oocyte production of ex situ coral 
fragments observed in the present study may imply that the nursery condition was 
not ideal for the corals. It has been suggested that such strategy of increasing egg size 
may be advantageous under adverse conditions (Sibly and Calow, 1986; Hall and 
Hughes, 1996; Rasanen et al., 2005). 
As seawater used in the culture tank was pumped from the Tolo Channel instead of 
the sampling site, CSW at Tung Ping Chau, the differences in the water quality 
between these two sites may contribute to the shift in coral reproductive strategies. 
With reference to the water quality data provided by the Environmental Protection 
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Department of the Government of HKSAR, it was found that water in Tolo Channel 
had significantly lower salinity (about 1.5psu lower), higher ammonia nitrogen 
(NH4+) (about 1.3-fold) and unionized ammonia (NH3) (about 1.3-fold) 
concentrations than water near Tung Ping Chau from July 2008 to July 2009 (Figure 
3.6), as there were a river, Shing Mun River and an urban area nearby; yet with no 
significant differences in dissolved oxygen, nitrite nitrogen, nitrate nitrogen and 
orthophosphate phosphorus concentrations. Although the difference in salinity was 
significant, it was small and salinity remained over 30 psu on average at both sites. 
With respect to the ammonia levels, an approximately 2-fold difference in the 
concentration was observed in Tolo Channel than in Tung Ping Chau. However, a 
20-fold enrichment in ammonia only mildly reduced the egg size of Montipora 
capitata (Cox and Ward, 2002), a hermaphroditic broadcasting coral similar to that of 
the present studied species. Therefore, the differences in salinity, NH4+ and NH3 
concentrations between ex situ and in situ environments were probably not likely to 
exert obvious effects on coral reproduction and to cause a shift in the resource 
allocation pattern from egg number to egg size in A. tumida in the present study. 
Acropora species growing on reef-flat were found to have fewer, larger eggs than the 
reef-slope counterparts (Wallace, 1985). As reef-flat is the shallow water zone where 
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high light intensity and temperature are normally recorded, these environmental 
conditions could, to some extent, resemble those experienced in the ex situ tank, i.e. 
temperature recorded in the experimental out door tank was always significantly 
higher than that in situ in Tung Ping Chau, because of the installation of heater in 
winter time and more rapid heating by strong natural sunlight in summer. Elevated 
temperature has long been considered as a stress for coral survival and the major 
cause of coral bleaching, i.e. loss of symbiotic algae (Brown, 1997). Elevated 
temperature experienced by A. tumida fragments in the tank {ex situ), albeit likely at 
a sublethal level with the absence of any obvious bleaching event, was a possible 
stress that could have affected its reproduction. Having larger but less oocytes was 
shown to be a strategy employed by corals under unfavorable environment, with 
extremely fluctuating temperatures (3 to 4°C deviations within minutes) causing mild 
bleaching in corals but no significant coral mortality (Coles, 1975; 1997). 
To conclude, this study showed a generally successful local example of 
laboratory-based coral nursery (100% survival of cultured A. tumida fragments). 
However, oogenesis of corals grown ex situ was significantly different from that of 
those grown in situ. Such differences were potentially due to some adverse effects 
from the ex situ culture conditions. This suggests that the culture measures may need 
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further improvements, especially with respect to the temperature settings. Moreover, 
the present study involved only one gametogenic cycle so the reproductive ability of 
the corals after spawning was not verified. Longer culture period is therefore needed 
in future studies. Further, past reports had documented spawning of cultured coral 
fragments only once (Nonaka et al., 2003 for Acropora muricata) or grew to a size 
ready for transplantation (Rinkevich, 2000 for Stylophora pistillata) after at least 7 
years. Longer-term (5 to 10 years) studies can thus allow more complete evaluation 
for the effectiveness of ex situ nurseries. Last but not the least, in order to achieve the 
goal of restoration, the next step in the coral gardening approach, the transplantation 
of cultured corals back to the nature, should be developed and brought into practice. 
60 
Chapter 1 
Table 3.1 Developmental stages of ooctyes and spermaries in Acropora tumida 
from December 2008 to June 2009. No gametes were observed in ex 
situ samples and only one oocyte was observed in an in situ sample 
collected on 30^ June 2009. 
ex situ 
^ N Proportion of stage I-IV 
Sampling No. of stage I-IV oocytes 
^ (Total No. oocytes (%) General stage 
Date 
of oocytes of spermaries 
ni nil niii niv I II III IV 
examined) 
Dec-09-08* 0 6 139 0 145 0 4.14 95.86 0 I/II 
Feb-18-09 0 0 87 0 87 0 0 100 0 II/III 
Mar-25-09 0 0 76 0 76 0 0 100 0 III 
Apr-28-09 0 0 66 0 66 0 0 100 0 III 
Jun-02-09 0 0 81 44 125 0 0 64.80 35.20 III/IV 
Jun-30-09 - -
in situ 
N Proportion of stage I-IV 
Sampling No. of stage I-IV oocytes 
(No. of oocytes (%) General stage 
Date I I 
oocytes of spermaries 
ni nil niii niv I II III IV 
examined) 
Dec-09-08* 0 6 139 0 145 0 4.14 95.86 0 I/II 
Feb-18-09 0 0 140 0 140 0 0 100 0 II/III 
Mar-25-09 0 0 1 3 8 0 138 0 0 100 0 III 
Apr-28-09 0 0 320 0 320 0 0 100 0 III 
Jun-02-09 0 0 262 21 283 0 0 92.58 7.42 III/IV 
Jun-30-09 0 0 1 0 1 0 0 100 0 -
* Starting samples were the same for both in-situ and ex-situ samples. 
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Table 3.2 Mean (士 SD) area maximum diameter (pm) and density (no. of 
oocytes/mm ) of ooctyes, with the results of statistical analysis comparing 
the difference in the three parameters between ex situ and in situ Acropora 
tumida samples collected in April 2008 and from December 2008 to June 
2009 using Student's 厂test. Data indicated with # did not pass the 
homogeneity test (Levene's Test for Equality of Variances) so equal 
variances were not assumed. 
Ex situ samples In situ samples 
Sampling Date 
Area ( X 1 0 3 — t N p 
Apr-25-()8 141.95 士 37.58 50.74 ± 3.77 - - -
Dec-09-08* 40.04 ±3.25 - - -
Feb-18-09 54.34 土 7.79 49.54 士 4.89 2.392 54 0.025# 
Mar-25-09 78.57 ± 2.62 52.94 士 6.44 20.697 54 <0.001# 
Apr-28-09 83.63 ± 6.93 63.15 士 7.09 10.080 54 <0.001 
J u n - 0 2 - 0 9 153.79 土 13.17 108.67 士 11.95 12.641 5 4 <0.001 
Jun-30-09 - - -
Sampling Date Geometric diameter (^ im) 
Apr-25-()8 4 2 2 . 8 6 丄 2 5 0 . 8 5 土 2S.34 - - -
Dec-09-08* 226.18 ±12.22 - - -
Feb-18-09 292.89 ± 37.96 234.68 士 12.53 6.337 54 <0.001 
Mar-25-09 328.05 士 15.45 282.66 士 35.70 6.506 54 <0.001" 
Apr-28-09 345.74 ± 21.94 279.61 士 24.13 9.775 54 <0.001 
Jun-02-09 432.64 ± 23.42 382.90 ± 40.52 4.808 54 <0.001" 
Jun-30-09 - - -
Sampling Date Density (no. of oocytes/mm^) 
Apr-25-()8 \ ' o data No data - - -
Dec-09-08* 0.90 ±0.07 - - -
Feb-18-09 1.19 ± 0.22 1.22 士 0.19 -0.322 18 0.751 
Mar-25-09 0.93 士 0.22 1.06 士 0.26 -1.134 18 0.273 
Apr-28-09 1.92 土 0.37 2.57 土 0.41 -3.497 18 0.003 
Jun-02-09 1.86 士 0.35 2.54 士 0.37 -3.995 18 0.001 
Jun-30-09 - - -
* Starting samples were the same for both in-situ and ex-situ samples. 
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Table 3.3 Mean (士SD) salinity (psu), concentration of ammonium (NH4十)(mg/L) 
and ammonia (NH3) (mg/L) in the sampling stations (Tolo Channel (site 
B) and near Tung Ping Chau (site D)) from July 2008 to July 2009. 
Data were provided by Hong Kong Environmental Protection 
Department. 
Environmental parameters Site B Site D 
Salinity (psu) 31.41 士 1.13 32.83 ± 1.43 
Ammonia nitrogen ( N H / ) 
0 . 0 2 8 士 0 . 0 1 9 0 . 0 1 2 士 0 . 0 1 2 
(mg/L) 
Unionized ammonia 







Figure 3.2 Map showing locations of A) water source used for ex situ coral nursery; 
B) Hong Kong SAR Environmental Protection Department (EPD) water 
quality sampling site in Tolo Harbour; C) in situ study site in Tung Ping 
Chau Marine Park and D) Hong Kong SAR EPD water quality sampling 
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Figure 3.3 Temporal changes in the proportion (%) of developmental stages of 
oocytes in A) ex situ and B) in situ Acropora tumida samples from CSW, 
Tung Ping Chau, HKSAR, from December 2008 to June 2009. The grey 
arrow indicates the most likely spawning time. More details on the 
number of stage I - IV oocytes (n) and the number of oocytes examined (N) 
are given in Table 3.1. 
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Oogenesis along a Fragmentation Gradient in the Branching Coral 
Acropora tumida 
4.1 Introduction 
Scleractinan corals are clonal organisms consisted of repeated modules which are 
developed from asexual growth, i.e. budding. On coral reefs, fragmentation occurs 
when intact colonies are broken apart naturally by storms or anthropogenically by 
anchoring, trawling etc. (reviewed in Smith and Hughes, 1999). Theoretically, 
fragments of modular organisms are able to survive, reattach to the substratum, 
continue to grow and eventually form a new colony i f conditions are favorable 
(Highsmith, 1982). This therefore makes fragmentation a feasible means of asexual 
reproduction, especially for the branching corals like Acropora spp. (Wallace 1985). 
This type of corals is prone to fragmentation because of its relatively fragile growth 
form. 
Evidences provided in earlier studies suggest that fragmentation is an adaptive 
strategy (Brazeau and Lasker, 1992; Fong and Lirman, 1995). Firstly, numerous 
fragments broken from one single intact colony can spread the risk of mortality 
(Hughes et al., 1992) and increase the number of colonies (Highsmith et al. 1980). 
70 
Chapter 1 
Besides, fragments which are smaller compared to the whole colonies may avoid the 
size limit, thus results in a greater growth in total (Hughes et al., 1992). On the other 
hand, fragments are larger than larvae or juveniles, thus can have better survival. 
Moreover, compared to sexual reproduction which is usually restricted to certain 
season, fragmentation can occur throughout the year (Lirman, 2000). 
The benefits from this asexual reproductive strategy to coral population, however, 
depend mostly on the post-fragmentation performance, such as survivorship, growth 
and reproduction of the fragments. It has been reported that fragmented corals 
suffered from high mortality rate, reduced growth and fecundity (Wallace, 1985; 
Hughes and Connell, 1987; Smith and Hughes, 1999, Zakai et al., 2000). It was 
generally found that larger fragments survived better (Highsmith, 1980; Kalson, 
1986), yet more recent studies reported inconsistent results. No relationship between 
fragment size and survivorship was observed in branching corals Madracis mirahilis 
and Acropora palmata in the Caribbean regions (Bruno, 1998; Lirman, 2000). These 
results were in fact not contradictory since mortality of the fragments was mainly 
caused by burial in sediment. As smaller fragments were more vulnerable to 
sedimentation (Smith and Hughes, 1999; Lirman, 2000), they would have higher 
post-fragmentation mortality rate. However, i f they landed on rubble, rocky substrata 
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or in places where siltation was less likely to occur, then their survivorship would not 
be directly related to their size. In addition, reduced growth and fecundity were 
observed in fragments when compared to undamaged coral colonies (Rinkevich, 
1996; Smith and Hughes, 1999; Lirman, 2000; Okubo et al., 2007). This was 
believed to be a result of smaller surface area, limited resource availability and 
resource reallocation from growth and/or reproduction to regeneration in the 
fragments (reviewed by Highsmith, 1982; Lirman 2000). The timing of 
fragmentation was also shown to be related to fragment fecundity (Okubo, 2007). It 
was reported that coral fragments released no or less gametes or planula larvae 
during spawning that occurred just after fragmentation (Zakai, 2000). These 
fragments generally showed further reduction or even no reproductive output in the 
following years (Okubo, 2007). Several years were needed for fragments to regain 
comparable growth (Lirman, 2000) or to resume spawning (Nonaka et al. 2003) as 
the intact colonies. The adverse effects from fragmentation on growth and 
reproduction were also found to be size-dependent (Okubo, 2007; 2009). Apart from 
siltation, this is possibly a result of resource reallocation along a gradient. It is 
assumed that polyps nearer to the broken-edge should contribute more resources to 
recovery. Thus for smaller fragments as a whole, the negative effect of fragmentation 
on biological functions such as ganietogenesis should extend to a greater relative 
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distance from the broken edge than in larger fragments. Reduction in fecundity was 
observed in polyps located immediately adjacent to a lesion in Montastrea annularis 
(Van Veghel and Bak, 1994). But these polyps developed after the lesion infliction, 
thus differences in their reproductive behavior may not be the direct result of a shift 
in resource reallocations. To verify the potential effect of fragmentation on coral 
reproduction therefore, the objective of the present study was to test the hypothesis 
that there was resource reallocation to regeneration along a distance gradient from a 
broken edge in a fragment in the form of reduced reproductive output or reduced 
sizes of the oocytes among polyps located immediately next to the broken-edge. 
Comparison of changes in the size of the oocytes from polyps in different parts of 
fragmented Acropora tumida branches along different distances from the broken 
edge may provide evidence to support this hypothesis. 
Most Acropora species possess a unique characteristic of having two kinds of polyps, 
the axial and radial polyps. The axial polyps at the tip of Acropora branches are 
responsible for active extension while radial polyps are budded off from them. In 
most cases, axial polyps are rarely found to be gravid (Wallace, 1985; Kenyon, 1992). 
The radial polyps beneath them are also sterile i f these polyps are developed after the 
start of current gametogenic cycle. Such polyps bear no eggs and form the sterile 
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zone around the tip, where its length is related to the branch length, skeletal 
extension (growth) rate and the interval of gametogenic cycle of a coral species and 
is thus highly variable and species-specific. Apart from examining the effect of 
fragmentation on coral reproduction, the presence and size of the sterile zone of 
Acropora tumida was also determined in the present study. 
4.2 Methods and Materials 
4.2.1 Samples collection and histological analysis 
Acropora tumida fragments were collected from haphazardly chosen, 
healthy-looking colonies over 30 cm in diameter at Cheung Sha Wan (CSW), Tung 
Ping Chau, on November S"' 2008 (i.e. Time = week 0). Of these, three of the 
fragmented branches were immediately fixed for histological analysis. The remaining 
15 fragments were grown in an outdoor concrete tank under controlled conditions 
(temperature: 21.1 to 29.1"C; salinity: 30 to 33psu). Three of these fragments were 
collected each week in the subsequent four weeks and fixed for histological studies. 
Finally, additional three coral branches were collected from intact colonies in the 
field at week 5 and used as control for reference. 
In order to investigate the effect of fragmentation on reproduction along a distance 
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gradient from the broken edge, as well as the length of the sterile zone around the tip, 
all branches examined, either those freshly collected from the field or those from the 
culture tank, were divided into three parts (Figure 4.1): 1cm from the broken-edge 
was designated as the basal portion, 1cm from the apex as the tip portion, and the 
remaining part as the middle portion. Sizes of the oocytes in basal and middle 
portions were measured in maximum diameter (jim), perpendicular diameter (|im), 
geometric diameter (^m) and cross-sectional area (jim^), following the same protocol 
described in Chapter 2 Section 2.2. I f fragmentation has no effect on coral 
reproduction, i.e. no reallocation of resources from reproduction to regeneration, then 
oocyte size in these two parts of the broken branches from the culture tank should not 
be significantly different at different times after fragmentation. Sizes of oocytes in 
these two parts of the freshly collected branches from the field were used as 
reference control. 
Length of the sterile zone (|am) in Acropora tumida was defined as the average 
distance between the branch tip and the first polyp that developed an oocyte. Digital 
picture (micrograph) of the longitudinal sections of the branch tip was captured and 
the length of the sterile zone measured by an image analysis software Image-Pro Plus 
6.0. Sterile zone in branches freshly collected from the field as well as those in the 
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culture tanks was similarly measured. 
4.2.2 Data analysis 
Oocyte cross-sectional areas and geometric diameters between middle and basal 
portions of intact colony samples and those between intact colony and tank-grown 
fragments at week 5 were compared by Student's /-test to detect any significant 
difference. The weekly enlargement of the oocytes and oocyte size difference 
between middle and basal portions in tank-grown fragments were tested by 2-way 
ANOVA. 
4.3 Results 
4.3.1 Oogenesis in intact Acropora tumida colonies 
At week 0 (November 2008), oocytes in basal portions of branches from intact 
colonies registered a mean (士 SD) cross-sectional area of 20.82 士 1.46 x 1 O^jim" and 
geometric diameter of 173.42 土 17.21|im; those from the middle portion were 21.28 
土 1.12 X lOVm" and 176.30 士 16.27jim respectively (Figure 4.2). At week 5, the 
oocyte area increased to 39.22 士 4.23 x lOVnr and 40.07 士 3.25 x lO^m^ in the 
basal and middle portions respectively, while the diameter increased to 227.00 士 
18.34|im and 231.41 士 10.33)im respectively. There was no significant difference in 
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both cross-sectional area and geometric diameter of oocytes between the middle and 
basal portions of the collected branches in either week (Student's /-test, n=72; 
cross-sectional area: p = 0.134 for Week 0, p = 0.346 for Week 5; geometric diameter: 
p=0.467 for Week 0, p= 0.213 for Week 5). 
4.3.2 Oogenesis in Acropora tumida fragments 
The skeleton of the fragmented branches was exposed at the broken edge when first 
collected, but healing was complete within two weeks of growing in the outdoor tank. 
The once exposed skeleton was entirely covered with coral tissue with many new 
polyps (Figure 4.3). From weeks 1 to 5, oocyte cross-sectional area and geometric 
diameter in A. tumida fragments increased significantly (2-way ANOVA, n=432; 
both cross-sectional area and geometric diameter: pO.OOl) week by week in both 
basal and middle portions, from 27.58 士 3.90 x lOVm' to 37.28 士 2.84 x lO^m^ and 
from 187.72 士 16.26jLim to 222.27 士 12.32jim respectively in the basal portions; and 
from 27.66 土 2.81 x l O ^ n r to 38.43 士 4.36 x lO^ni^ and from 186.94 士 15.19|Lim to 
226.41 士 18.06jLim respectively in the middle portions (Figure 4.2，Table 4.1). There 
was, however, no significant difference in oocyte size between the two portions 
throughout these four weeks (2-way ANOVA, n=432, both cross-sectional area and 
geometric diameter: p>0.05). 
77 
Chapter 1 
Besides, while there was no significant difference in the oocyte cross-sectional area 
of the middle portion between the tank-grown fragments and the intact colonies at 
week 5 (Table 4.1, Student's Mest，n=72, p=0.074), the intact colonies had 
significantly larger oocytes in the basal portion (Table 4.1, Student's /-test, n=72, 
p=0.025). On the other hand, there was no significant difference in the oocyte 
geometric diameter of either the middle or the basal portion between the tank-grown 
fragments and the intact colonies at week 5 (Table 4.1，Student's M e s t , n=72; middle: 
p=0.154; basal: p=0.204). 
4.3.3 Sterile zone in Acropora tumida branch tips 
The average (土 SD) distance of the sterile zone in A. tumida branches, taken from 
the intact colonies (at weeks 0 and 5) and measured from the tip to the location of the 
first polyp with oocyte observed was 4906.63 士 446.28|im, with a range from 
4334.32 to 5518.64|im. The length of the sterile zone in intact colonies was not 
significantly different (Student's Mest, n=21, p=0.923) from that in the fragments 
grown in the tank from weeks 1 to 5), with the latter having a mean (土 SD) 
non-reproductive zone that was 4889.30 士 334.56jim in size that ranged from 




The absence of any oocyte size difference between the basal and middle portions 
(excluding the sterile zone) of Acropora tumida branches collected from the intact 
colonies at weeks 0 and 5 was consistent to that found in previous study (Wallace, 
1985). This uniformity in oocyte size in reproductively active polyps in different 
parts of a coral branch implies uniformity in resource allocation towards 
reproduction within intact colonies. 
The skeleton-exposed broken-edge of the fragmented branches was completely 
healed within two weeks (Figure 4.3). This is approximately six weeks faster than 
that reported in other study on Acropora pulchra (Soong and Chen, 2003). Polyps in 
the basal region adjacent to the point of injury were expected to have smaller oocytes, 
or to show even oocyte resorption to balance the extra cost of resources needed for 
recovery from damage. It was suggested that time was necessary for the shift of 
resources, and hence there would be delay in the process of regeneration (Van Veghel 
and Bak, 1994). Breakage of A tumida branches did not appear to inflict a significant 
drain on the resources needed for reproduction such that no difference in the oocyte 
size between the basal and middle portions of fragmented branches was observed. 
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Resources used in the formation of new polyps in the new tissue covering the broken 
edge may be directly supported by energy reserve stored elsewhere in the branch 
fragment, or balanced by reduction in other biological functions such as growth (not 
measured in the present study). On the other hand, fragmentation effects may 
"spread" over the whole branch rapidly, hence oocyte development in either the basal 
or middle portions of the branch would be affected equally, resulting in no difference 
in their sizes between the two regions. The coral fragments recovered quickly within 
two weeks, so the fragmentation effect, i f any, may be short-lived. More refined 
physiological examinations may be needed, such as those using Diving PAM to 
measure photosynthetic responses, in order to detect any immediate or short-term 
effect of fragmentation (Woo, 2005). 
Coral branches were fragmented in November in the present study, i.e. at the early 
vitellogenic stage of A. tumida reproduction (see Chapter 2). Oocytes in fragmented 
branches developed normally, with substantial increase in size over time. This 
observation was in contrast to that reported by Okubo (2007，2009), where Acropora 
formosa and A. nasuta were found to resorb oocytes after fragmentation at early 
vitellogenesis as it was energy-demanding to further develop the gametes from this 
stage. Such oocyte resorption was especially common in small branches with a 
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length of 5cm. The difference in natural branch length of different Acropora species 
may account for the discrepancy in the present observation. Acropora formosa and A. 
nasuta, which naturally have longer (over 20cm) branches and higher skeletal 
extension rate, should have longer sterile zone (Wallace, 1985; Hall and Hughes, 
1996). The 5 cm fragments from these coral colonies examined in the experiment by 
Okubo (2007; 2009) were more likely to be composed of active-growing or newly 
formed polyps (Kenyon, 1992), thus fewer resources were available to sustain 
post-fragmentation reproduction. On the other hand, A. tumida in the present study 
have naturally shorter branches (<10cm) with a very short sterile zone (see below). 
The 5 cm fragments examined in the present experiment consisted of more mature 
fertile polyps not actively growing, hence could still have enough resources to 
support the continuation of gametogenesis even after fragmentation. Fragmentation, 
however, is not without any impact completely. The smaller oocytes in the basal 
portion of the tank-grown fragments at week 5, compared with that in the intact 
colonies, indicate that there was still some effect. But as suggested earlier, this effect 
may be more evenly spread throughout the fragmented branches such that no 
differences in oocyte size existed between the middle and basal portions of these 
branches over the five week period of this study. 
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Since the branches of A. tumida are naturally short, it was not surprising that the 
length of the sterile zone in its branches was only approximately 0.5cm, far below 
the average of other 11 Acropora species (1.0 土 0.4 cm) reported in Mangubhai and 
Harrison (2008). In a relative scale, the sterile zone comprises 10% of the original 
branch length in A. tumida. This is comparable to that of other related species, e.g. A. 
formosa (sterile zone: 2-4cm; branch length: >20cm) (Mangubhai and Harrison, 
2008). 
To conclude, this present study identified the relatively small sterile zone in A. 
tumida, which naturally bears shorter branches (compared to other species in the 
same genus), and the uniformity of oocyte size behind the sterile zone. This suggests 
that the branch length sampled can be further shortened for similar analysis in the 
future, in order to minimize the impact on the studied coral colonies. Besides, with 
no oocyte reabsorption nor prominent reduction in oocyte size along a fragmentation 
gradient in A. tumida fragments being observed in this five-week study, oogenesis in 
corals seemed to be affected more by environmental variations (e.g. ex situ vs. in situ 
conditions in Chapter 3) rather than the fragmentation itself, at least within the 
current gametogenic cycle examined. 
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Table 4.1 Mean (士 SD) area geometric, maximum and perpendicular diameter 
(Jim) of ooctyes in fragmented and intact Acropora tumida branches 
examined from November to December 2008. Refer to Figure 4.1 
for the parts of the branch used in the experiment. 
Day Fragmented Branch Branch f rom Intact c o l o n i e s 
SamDiine (Week) Middle portion Basal portion Middle portion Basal portion 
j^P ^ from r r [ 
u a t e start o f Area Geometric Area Geometric Geometric Geometric 
口vru (x 103 diameter (x 10^  diameter , fx diameter ( % diameter 邮 mn^ ) _ — _ (^m) _ 一 ) _ 
NNV 僅 1(71、 21.28 ± 176.30 20.82 ± 173.42 21283.66 176.30 20819.43 173.42 ± 
1 Wj 112 土…27 1.46 ± 17.21 士 1119.09 ±16.27 土 1458.24 17.21 
1-, n8 8 / n 27.66± 186.94 27.58± 187.72 
Nov-12-08 8(1) 2.81 土 15.19 3.90 土 16.26 ‘ 
iq OS ISO、 29.27± 191.87 29.12± 197.26 . Nov-19-08 15(2) 3 79 ± 13.91 4.17 士 18.18 " “ ‘ 
w n 、 ， ” 3 0 . 9 8 ± 194.17 31.44 士 198.37 
Nov-26-08 2 2 ( 3 ) ； ⑴ 土 12.97 3.80 ±14.49 - - - -
Dec-3.08 29(4) 3449± 211.68 33.51 ± 208.02 . 
^ ^ 3.16 土 10.51 4.36 土 18.56 
TVrQDS 38.43 ± 226.41 37.28 ± 222.27 40068.58 231.41 39224.82 227.00 
^^^ 4.34 士 18.06 2.84 土 12.32 士 3251.74 士 10.33 ±4230.29 ±18.34 
Day Fragments Intact colonies 
Sampl ing (Week) Middle portion Basal portion Middle portion Basal portion 
DL 丘om 1 
s t a r t o f M a x i m u m Perpendicular M a x i m u m Perpendicular M a x i m u m Perpendicula M a x i m u m Perpendicula 
diameter diameter diameter diameter diameter r diameter diameter r diameter 
P (^ m )^ ( M (^m) (^ m )^ (|im) (^ m )^ 
Nm/5 08 1 (()\ 1^ 4.44 160.23 190.24 158.90 194.44 160.23 190.24 158.90 
U U J 士 丨 士 口 ():、, ^ ± ,709 士 19 63 士 17.03 士 26.31 士 17.09 
Nov-12-08 8 (1) 209.89 167.65 210.94 168.34 . 
iUU 土 19 05 ±16.79 ± 32.26 土 15.91 
Nov-19-08 15(2) 226.00 163.72 222.74 175.83 ± . . 
土 23 91 土 15 75 士 33 70 ig.OS 
NOV-26-08 22 ⑶ 235.88 160.91 234.23 169.61 . 
^ ^ ±26.56 ±16.03 土 38.03 士 15.16 
00 術 M 250.55 180.00 244.75 177.89 Dec-3-08 29(4) 土2291 士 ig.ij 土26.04 士23.51 ‘ _ ‘ ‘ 
T V r Q n s i s m 294.45 175.91 291.41 170.36 295.00 182.23 297.59 174.16 土 
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Figure 4.1 A typical decalcified Acopora tumida branch fragment showing the 
designated regions from the edge of the breaking point towards the tip 
used in the present study to evaluate differences in oogenesis: A) 
basal portion; B) apical portion; C) middle portion. 
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Figure 4.2 A) Mean (士 SD) area and B) mean (士 SD) geometric diameter 
(|im) of ooctyes in different portions of fragmented and intact 





Figure 4.3 A) Example of a fragment surface of Acropora tumida showing the 
freshly exposed skeleton. B) Fragment showing completely healed 





Temperature Effects on the Survivorship, Growth and Oogenesis in 
Acropora tumida Fragments Grown under Laboratory Conditions 
5.1 Introduction 
The restriction of coral reefs to tropical regions indicates seawater temperature as 
playing a fundamental role in controlling the reef-building capacity and the growth 
of the main reef builders, the scleractinian corals. Temperature effects on various 
aspects of coral biology have therefore been studied since the early century (see 
review in Jokiel and Coles, 1977, Coles and Jokiel, 1977 and Glynn and D'croz, 
1990). For example, hermatypic corals were generally shown to suffer from poor 
spatial competition with other benthos under low temperatures (see review in Glynn 
and D'corz, 1990). While temperature was correlated with seasonal variations in 
coral survivorship, growth and reproduction, many other environmental factors could 
also affect the results. Most long-term (months to years) studies were carried out in 
the field (i.e. in situ). On the other hand, ex situ studies were limited to experiments 
on short-term (minutes to hours) exposure to environmental factors, e.g. regulated 
temperatures (Jokiel and Coles, 1977). Negative relationships between survivorship, 
growth, photosynthesis to respiration (P:R) ratio and seawater temperature were 
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exhibited (Coles and Jokiel, 1977; Jokiel and Coles, 1977; Glynn and D'croz, 1990; 
Glynn, 1993; Lesser, 1997; Hoegh-Guldberg, 1999; Bassim and Sammarco, 2003). 
The first long-term laboratory study was done on the effects of temperature on coral 
growth and mortality, where low temperature was found to be more deleterious to 
coral than high temperature over a two-month incubation (Jokiel and Coles, 1977). 
This result was inconsistent to that obtained in its first week observations and other 
former short-term experiments, where corals showed better survivorship under lower 
temperatures than the higher ones. Besides, corals were observed to survive or 
recover from short exposure to high temperatures, yet die for long exposure (see 
review by Fitt et al., 2001), suggesting that the length of exposure is crucial for coral 
responses to elevated/reduced temperatures. 
Corals do not form extensive reefs in subtropical regions like Hong Kong and 
southern China. Low winter temperature has generally been considered as the critical 
limiting factor for coral development in such regions (see review by Cope and 
Morton, 1988). However, the observations of coral mortality during warming event 
in 1980s led to the hypothesis that high temperature was another limiting factor, 
especially in regions where seasonal cool currents and upwelling exist (Glynn and 
D'Croz, 1990). This was supported by the discovery that corals can tolerate 
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temperature 4°C below the minimum recorded in their natural habitats (Veron and 
Minchin, 1992). Besides, serious coral bleaching and mortality events in a worldwide 
scale were reported following the intensification of global warming (mainly due to El 
Nino/ La Nina events) in the last few decades (e.g. Glynn, 1991; Brown, 1997; 
Hoegh-Guldberg, 1999; Hughes et al., 2003) which provided further evidences for 
the stressful effects and importance of elevated temperature. In 1998, the warmest 
year since reliable meteorological records existed, 16% of the world's coral reefs 
were bleached and destroyed (Wilkinson et al., 2004). 
Comparison on related coral species in the subtropics and tropics (Coles et al., 1976) 
suggested that corals are not stenothermic (i.e. having narrow fixed upper and lower 
limits) in temperature tolerance. Their optimum temperature range is 
environmentally dependent. A subsequent six-month study showed different corals 
species having great differences (more than 5°C) in their lower lethal temperatures 
(Coles and Fadlallah, 1991), suggesting that taxonomic distinctions also contribute to 
the variations in coral thermal tolerances. Besides, corals were found to have 
seasonal acclimatization through the observation of lower bleaching temperature 
thresholds and optimum temperature for P/R ratio in winter time (Berkelmans and 
Willis, 1999; Nakamura et a l , 2004). 
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It is obvious that temperature is not the only factor acting on corals in nature. 
Interacting effects of temperature with factors such as salinity (Coles and Jokiel, 
1978), irradiance (Coles and Jokiel, 1978, Jones et al. 1998, Hoegh-Guldberg 1999, 
Boyett et al., 2007), carbon dioxide (Reynaud et al. 2003) and water flow (Nakamura 
and van Woesik 2001, Nakamura et al. 2003) have been examined. Reduced salinity, 
higher irradiance, higher carbon dioxide concentration and reduced water flow were 
all shown to enhance the adverse effects of elevated temperatures on corals. 
Recently, temperature effects on coral reproduction have received more attentions in 
ex situ studies. Most of the laboratory-based experiments focused on fertilization 
success, embryogenesis (Bassim et al” 2002; Negri et al., 2007) or larval settlement 
(Edmunds et al., 2001; Bassim and Sammarco, 2003; Nozawa and Harrison, 2007; 
Randall and Szmant, 2009). These studies found that elevated temperatures increased 
the frequency of anomalies in embryo cleavage, the extent of effect varied among 
species. It was also revealed that temperature generally showed a negative 
relationship with larval settlement rate and /or post-settlement survivorship. From all 
these studies, elevated temperature was shown to have a negative effect on coral 
reproduction. But the focus of all these studies was on post-spawning aspects of coral 
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reproduction, none has really examined the effects of temperature on gametogenesis 
in corals, whether they are from the tropical or subtropical regions. 
The objective of this present study was therefore to investigate the relationship 
between elevated temperature and coral biological processes, i.e. survivorship, 
growth and reproduction. More specifically, the effects of elevated temperature on 
the gametogenesis of a subtropical coral species Acropora tumida were studied. 
Results from this study can provide some insights in understanding potential 
consequences of global climate change on subtropical corals, as well as information 
that may be useful for ex situ culture of corals, as part of the strategies for the 
restoration of coral reefs. 
5.2 Methods and Materials 
5.2.1 Samples collection 
Acropora tumida branches were collected from healthy-looking colonies >50cm in 
diameter, at Cheung Sha Wan (CSW), Tung Ping Chau on October 2008. Collected 
coral branches were 3-5cm in length. Representative samples were checked 
histologically to ascertain their reproductive status immediately after collection. The 
remaining samples were grown in outdoor concrete tank for acclimatization. 
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5.2.2 Samples culture 
The branch fragments of A. tumida were acclimatized in the outdoor concrete tank 
over the winter with regulated temperature (24.4.°C) to minimize temperature shock. 
In February 2009, haphazardly selected samples were checked for their reproductive 
status once again. The rest of the samples were then used in the temperature 
experiment from February to July 2009. Based on the temperature record at the in 
situ study site in Tung Ping Chau from May 2002 to April 2007, the average seawater 
temperature in winter and summer were 17°C and 29°C respectively. The 
experimental temperatures applied were therefore 18°C, 22°C, 26°C, and 30°C, 
where the three lower temperatures fall between the range normally experienced by 
the in situ A. tumida colonies studied, and 30°C as an elevated temperature set-up; 
with ambient temperature as the control. Besides, the temperature at the in situ site 
during the study period was projected on the basis of the air temperature recorded by 
Hong Kong Observatory and its average monthly deviation to the temperature of the 
in situ site from May 2002 to April 2007, as described in Chapter 2. 
After acclimatization in the outdoor tank, coral branches were first transferred to 
glass aquaria (45cm x 25cm x 25cm) with "intermediate" temperatures, i.e. branches 
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to be grown under 18°C, 22°C or ambient treatment were placed at 22°C; those to be 
grown at 26°C or 30°C were placed at 26°C, to minimize cold or heat shock to the 
corals. For each temperature treatment, there were three replicate aquaria, and in 
each aquarium there were 6 to 8 coral branches. These coral branches were hanged in 
the middle of the aquaria to minimize any potential sedimentation effect (Soong and 
Chen, 2003). Aquaria with different temperature set-ups were placed next to one 
another in a random arrangement. The filtered seawater used for the experiment was 
disinfected by Trop Tronic® UV-Sterilizer. Except for the ambient treatment set-up, 
temperature in different treatments was regulated by Arctica® Titanium Heat 
Exchangers as chillers and Hydor® Thermostats as heaters. Temperatures were 
controlled at 士 1°C within the desired ranges. Al l coral branches were exposed to 
ambient irradiance, and no food was added as a supplement to the corals. 
5.2.3 Survivorship 
Survival rate of Acropora tumida branches grown in the experimental aquaria was 
assessed in terms of branch unit. Branches were considered as "Dead" only when 
there were no polyps left throughout the whole branch. This was to avoid 
miscounting the bleached branches as dead. Bleached branches had the potential to 
recover. Survivorship (%) of the branches cultured under different treatments was 
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then calculated using the following equation: 
No. of branch alive , 
Survivorship (%) = ； X 100% 
No. of branch left after previous reproductive analysis , 
Where l = time, sampling month. 
5.2.4 Growth measurement 
During the experimental period, relative growth rate (%) of the coral branches were 
monitored at a monthly interval. Images of each coral branch were taken at the same 
angle with a Sony® Cybershot digital camera every month, and the area (mm�）of 
branch images measured using the image analysis software Image-Pro⑧ Plus 6.0. 
Relative growth rate (%) of a branch was then calculated using the following 
equation: 
branch area ,+j - branch area , 
Relative growth rate (%) = 乂 100% 
branch area, 
Where t = time, sampling month. 
5.2.5 Reproductive analysis 
Reproductive status of the branches was evaluated by investigating the 
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developmental stages of the gametes histologically. Oocyte size, in terms of mean 
oocyte cross-sectional area (p-m )^ and geometric diameter (|im), and oocyte density 
(in terms of the number of oocytes per mm^ of the branch cross section), were 
measured in the same way described in Chapter 2 Section 2.2. 
5.2.6 Statistical analysis 
Differences in the mean relative growth rate (%) of coral branches and changes in the 
oocyte sizes under different temperature treatments in these branches were evaluated 
using one-way ANOVA, followed by within- and between-group comparisons using 
Tukey's HSD tests. 
5.3 Results 
5.3.1 Temperatures in ex situ ambient aquaria and the in situ site at Tung Ping Chau 
The mean ambient water temperature recorded in the aquaria was 20.1 °C between 
February to March 9"】2009 (i.e. between the first and second survivorship and 
growth measuring times). Then the temperature increased through 21.78°C (March to 
April), 25.64。C (April to May) to 27.83。C (May to June) (Figure 5.1). The mean 
projected temperature at the in situ site was 20.00°C in February, 19.30°C in March, 
20.30。C in April, 25.11°C in May and 28.18°C in June 09 (Figure 5.1). 
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5.3.2 Survivorship of coral branches 
Throughout the experimental period, no branches died under 18°C treatment, while 
only one death was recorded in April 2009 under 22°C (Table 5.1, Figure 5.2). 
Besides, there was no necrosis observed on the branches under these two low 
temperature treatments. In contrary, tissue decay was found in the corals cultured in 
the ambient set-up (since April) and under the two high temperatures (26。C and 30。C) 
(since March) (with seriousness of decay in ascending order). The decaying branches 
were still regarded as "alive" until all polyps on them were lost, as mentioned in 
Section 5.2.1. Therefore, based on this criterion, coral branches survived relatively 
well under ambient condition until May 09 when the ambient temperature rose 
beyond 25°C. Later on, only one branch (14%) survived in June 09 when the ambient 
temperature reached 27.83°C. Under 26°C and 30°C temperature treatments, 
mortality of A. tumida branches was recorded and some branches bleached within 
one month of culture. None of the coral branches survived till June 09 under both 
these temperatures (Table 5.1, Figure 5.2). However, by far, the worst case was found 
in 30°C, the treatment with the highest controlled temperature in this experiment. 
Only 62.5% of the cultured branches survived within one month after the start of 
study, and all died in April 09, within three months of the experiment. 
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5.3.3 Growth measurement 
Branches grown under 18°C and 22°C treatments, with a relative growth rate of 
8.70% and 8.95% respectively, had the greatest total increase in size throughout the 
study (Table 5.2, Figure 5.3). This is followed by those under ambient treatment, 
with a relative growth of 6.22% in five months. Branches of A. tumida under 26°C 
and 30°C treatments survived only for less than four and three months respectively 
and hence had registered only an increase in their branch sizes by 3.09% and 0.54% 
respectively (based on the remaining surviving branches recorded in each month). 
One month after the start of the experiment, i.e. in March 09, A. tumida branches 
under ambient (2.01%) and 18°C (1.95%) treatments showed the highest relative 
growth rate, followed by those under 22°C (1.33%), 26°C (0.95%) and 30。C (0.50%) 
(Table 5.2, Figure 5.3), the differences in growth among treatments were, however, 
not statistically significant (One-way ANOVA, n=75, p=0.477). In the subsequent 
month, corals in all treatments except 30°C showed their fastest growth throughout 
the experiment, with those at 22°C (4.13%) having the greatest increase and those in 
the highest temperature treatment continued to have the lowest growth. No 
significant difference was detected among growth rates of corals under the three 
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lower temperatures and the ambient treatments (One-way ANOVA, n=47, p=0.328). 
The growth rate of the only surviving 30°C branch dropped to nearly zero. In May, 
corals in ambient treatment showed a notable growth rate decrease (from 3.62% to 
1.46%) and coral growth at 26°C remained low (1.16%), but still no significant 
difference in the growth rate was detected among the four ex situ treatments (with 
living coral branches) (One-way ANOVA, n=37, p=0.306). On the other hand, 
branches at 18°C (2.95%) and 22。C (2.70%) kept having relatively higher growth 
rate in the last two months of the experiment, although differences in the growth 
rates between these two treatments were also not statistically significant in June 
(Student's /-test, n=15, p=0.842). 
5.3.4 Oogenic development 
Since considerable amount of oocytes in the decaying ambient, 26°C and 30°C 
branches were flushed away by the carbon dioxide bubbles during the decalcification 
process, the oogenesis study could only be done on the oocytes that remained inside 
the branches. Besides, polyps in the necrotic tissue could not be clearly demarcated, 
the mean oocyte size was therefore based on the six largest measurements made per 
branch, rather than per polyp as was the case in the related in situ studies (See 
Chapter 2). In order to be consistent and to make data comparable, this approach was 
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adopted for both the healthy (18°C and 22°C) and the unhealthy (ambient, 26°C and 
30°C) coral fragments. 
5.3.4.1 Oocyte developmental stages 
Oocytes were in stage II I of their development at the beginning of the present study, 
i.e. in February 2009 (Table 5.3, Figure 5.4). In March, stage II I oocytes continued to 
predominate in all branches under different temperature treatments, but with minor 
variations. Small amount of stage II oocytes were observed in branch samples under 
18。C (<3%) and 22°C (<8%) treatments; while stage I oocytes (13%) were found in 
those grown under 30°C. In April, all oocytes examined, except those in branches 
incubated at 30°C, were in stage III; while the proportion of stage I oocytes in corals 
under 30°C, the highest experimental temperature treatment, increased to 21 %, 
together with 3% of stage II and 76% of stage II I oocytes. 
On June 2009, i.e. the last measurement before in situ spawning was detected, 
stage IV oocytes were observed in the surviving branches under 26°C (100%), in 
90% of the oocytes examined under 18°C, 49% under 22°C and 19% under the 
ambient conditions. This is in contrast to 7.42% in in situ A. tumida collected in the 
same period from the field. The rest of the oocytes in the different branches 
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examined belonged to stage III. 
On June no oocyte was found in A. tumida branches collected from the field, so 
presumably these in situ coral colonies had already spawned. In this same period, the 
coral branches grown under 18°C and 22°C in the experimental aquaria had not 
released their gametes. Al l and over 80% of the oocytes examined in these branches 
respectively were in stage IV. Under ambient treatment, seven stage II I oocytes were 
observed in the three cross-sectional slides of the only surviving necrotic branch. In 
mid-July, among the surviving branches, no oocyte was found in corals under 18°C, 
while stage IV eggs were still present in those under 22°C. 
5.3.4.2 Oocyte size measurement 
In February 2009, acclimatized branches had oocytes that were 57.8 士 5.7 x lO'Vm" 
and 293.64 士 24.45jim in mean (士 SD) cross-sectional area and geometric diameter 
respectively (Table 5.4, Figures 5.5 and 5.6). This was significantly larger than those 
in in situ samples (49.5 士 4.9 x lO^m"; 234.68 士 12.53|im) (Student's /-test, n二54, 
p<0.001). In March, both the differences in oocyte size in coral branches among 
different ex situ treatments and together with the in situ samples were significant 
(One-way AN OVA, ex situ samples only: n=66, p=0.035; including in situ samples: 
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n=102, p=0.014). Among ex situ temperature treatments, branches grown at 
possessed oocytes with the largest size (60.8 士 9.9 x in cross-sectional area), 
followed by those in ambient and 22°C. Oocytes in branches under 18°C and 30°C 
treatments were the smallest, at 51.5 士 3.9 x 10Vm" and 51.4 土 5.5 x lO^jim^ 
respectively. This was however, comparable to the size of the oocytes from in situ A. 
tumida (52.9 土 6.4 x lO^jim^). However, differences in oocyte sizes between 
pair-wise temperature treatments could not be detected (Tukey HSD Test, p=0.088 to 
1.000). The separation was not clear when compared with the in situ group, forming 
two homogeneous subsets (Tukey HSD Test, p=0.081 to 1.000). In terms of 
geometric diameter, the in situ branches had the greatest diameter (282.66 士 35.70|im) 
instead, while the smallest measurements were also obtained in 18°C branches 
(253.81 土 34.72|im). There was no significant difference in the oocyte diameter 
among different ex situ treatments (One-way ANOVA, n=66, p=0.198). The 
differences among the six different groups, including the in situ branches, however, 
were significant (One-way ANOVA, n=102, p=0.025). This was mainly due to the 
difference between the in situ and 18°C branches (Tukey HSD Test, p=0.015), with 
no significant difference among the other temperature treatments (Tukey HSD Test, 
p=0.259 to 1.000). 
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In April, the largest oocytes were again found in 26°C branches (85.7 土 8.5 x lO-'jam^ 
and 339.96 士 24.93|im in mean (士 SD) cross-sectional area and geometric diameter 
respectively, followed by those under ambient temperature, 30°C, 18。C and 22°C 
treatments in descending order. Within this same period, oocytes from in silu A. 
tumida were 63.1 士 7.1 x 1 0 a n d 279.61 土 24.13|im in cross-sectional area and 
geometric diameter respectively. The differences in both oocyte parameters, either 
among different ex situ treatments or with the in situ branches, were significant 
(One-way ANOVA, in both cross-sectional area and geometric diameter; ex situ 
samples only: n=72, p<0.001; including in situ samples: n=108 diameter, p<0.001) 
with oocytes in branches under 18°C, 22°C and in situ being significantly smaller 
than those under 26°C and ambient temperature (Tukey HSD Test, cross-sectional 
area: pO.OOl to 0.008; geometric diameter: pO.OOl to 0.005). 
On June oocytes in 22°C branches had increased over 80% in size and reached 
111.5 士 27.6 X lO^iim^ and 376.86 士 52.24|im in cross-sectional area and geometric 
diameter respectively (cf. oocytes in in situ A. tumida: 108.7 士 12.0 x lO^fim^ and 
382.90士 40.52jim). Under ambient treatment, the corals had smaller oocytes than 
those measured in previous sampling times (82.2 土 24.5 x 10 |im ; 328.70 土 
42.17[im; in April vs. 75.7 土 15.3 x lOVm�；307.70 士 35.54^im on June in 
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cross-sectional area and geometric diameter respectively). There were significant 
differences in both oocyte parameters among the four ex situ treatments and those in 
situ (One-way ANOVA, n=84, p<0.001). Two homogeneous subsets were grouped by 
the Tukey HSD Test based on the oocyte cross-sectional diameter, with 18°C, 26°C 
and ambient as one subset (p=0.214); 22°C and in situ as another subset (p=0.993). 
On June mean oocyte cross-sectional area and geometric diameter in branches 
under 18°C (97.5 士 16.1 x l O ^ m ^ 357.49 士 27.83|im respectively)，22°C (131.0 士 
15.3 X lOVm^ 420.54 士 37.97^im) and ambient (50.3 士 9.5 x lOVm^ 256.56 士 
26.83|im) treatments were also significantly different from each other (One-way 
ANOVA, n=42, p<0.001; Tukey HSD Test, pO.OOl). 
5.3.4.3 Oocyte density 
Oocyte density fluctuated in all branches under different temperature treatments and 
in in situ corals during the study period (Table 5.5, Figure 5.7). No obvious 
increasing or decreasing trend was observed with respect to the temperature 
treatments. In February 09, acclimatized coral branches before subjected to the 
temperature experiment had, on average, 1.28 士 0.37 of oocytes per mm^ of the 
polyp cross section, comparable to that in in situ A. tumida (1.22 士 0.19 oocytes per 
mm^) (Student's /-test, n=18, p=0.656). In March, the mean oocyte density (0.36 土 
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0.02 oocytes per mm") in branches exposed to 30°C treatment was significantly 
lower than that in branches under other treatments, including those in situ (range of 
densities from 1.03 士 0.19 oocytes per mm^ at 18°C to 1.35 士 0.25 oocytes per mi i r 
at 26。C) (One way ANOVA, n=42, pO.OOl). In April, branches under 26。C and 
30°C branches continued to have the highest (1.99 士 0.35 oocytes per mm】）and 
lowest (0.76 士 0.12 oocytes per mm^) oocyte density respectively. Al l ex situ corals, 
except 26。C branches (Tukey HSD Test, p=0.292), had significantly (Tukey HSD 
Test, p ‘ 0.001) lower oocyte density than the in situ corals (2.57 土 0.41 oocytes per 
mm、. 
On June with none of the branches under 30°C survived, those under 26°C 
treatment had the lowest oocyte density (0.69 士 0.26 oocytes per n W ) . Branches 
exposed to 22°C treatment had the highest oocyte density (1.65 士 0.29 oocytes per 
mm^) among all those in the ex situ temperature treatments, yet this was still 
significantly lower (Tukey HSD Test, p<0.001) than that found in the in situ corals 
(2.54 士 0.37 oocytes per mm^). On June the in situ corals had already spawned, 
while oocytes in 18°C and 22°C branches continued to increase in their density with 
the latter continued to have the highest oocyte density (2.13 士 0.76 oocytes per mm�） 
among surviving branches under the three treatments. 
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5.3.5 Spermary developmental stages 
There was no apparent difference in spermary developmental pattern among coral 
branches subjected to different temperature treatments throughout the study, i.e. all 
branches were observed to possess mixture of stages II and II I spermaries in March, 
only stage II I spermaries in April and on June After the in situ corals had 
spawned, all spermaries in ex situ 18°C branches were in stage IV (with stage IV 
oocytes), while mixture of stages II I and IV spermaries (and oocytes) were found in 
22°C branches. There was no spermary observed in the only available (but necrotic) 
coral fragment under ambient condition on June (Table 5.3). 
5.4 Discussion 
5.4.1 Survivorship 
In the present study, A. tumida branches grown under 18°C survived the best (100% 
survivorship), followed by those grown under 22°C where one branch died in April 
2009，the third month of the experiment. In contrast, survival rate decreased rapidly 
for those grown under higher temperatures. There was an obvious negative 
relationship between survivorship and temperature, the higher the temperature, the 
lower was the coral survivorship. Furthermore, the results for corals growing under 
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ambient conditions were also consistent to those obtained from the fixed temperature 
treatments. The experiment started in February 2009 during the late winter season. 
The mean ambient water temperature recorded in the aquaria was 20.1°C between 
February and March. Then the temperature increased through 21.78°C (March to 
April), 25.64°C (April to May) to 27.83。C (May to June). The rise in ambient 
temperature above 25°C coincided with the drop in monthly survivorship of the 
corals grown in these aquaria. Generally, poorer survivorship was recorded under 
higher temperature treatments throughout the experimental period in this study. It 
was not surprising that 30°C branches exhibited the lowest survivorship, as this 
temperature was beyond the average summer temperature (29°C) at the source site. 
In spite of being 3°C lower than the summer temperature, branches also survived 
poorly under 26°C treatment. This was likely due to the persisting temperature in the 
ex situ set-ups (except the ambient temperature set-up), with no daily fluctuations as 
that occurring under the natural conditions. This thus implied that such fluctuations, 
especially the daily cooling (as 18°C and 22°C branches were observed to survive 
well), may be of vital importance to corals. Although the mechanism of elevated 
temperature-induced mortality was not investigated in this present study, the results 
agreed with the findings in the past studies in which short-term exposure (<24 hours) 
to temperature up to 4°C higher than that in the ambient during summer had adverse 
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effects on either adult corals or coral larvae by depressing their photosynthesis and 
enhancing their respiration (Jokiel and Coles, 1977; Jones et al., 1998; Edmunds et 
al., 2001). This then led to energy deficiency and eventually the mortality of the 
corals (Edmunds et al., 2001). 
5.4.2 Growth measurement 
Coral branches in the two lowest temperature treatments showed the highest relative 
growth rates in this study; followed by those under the ambient conditions where 
daily fluctuations (up to 10°C) and monthly variations in temperature (ranged from 
13.40c to 30.8°C) occurred. Coral branches grown under 26°C showed little growth, 
while branch size increase under 30°C treatment was nearly zero because of high 
mortality soon after the start of experiment. Growth rates of ex situ A. tumida under 
different temperatures showed a similar trend as those revealed in their survivorship, 
i.e. the higher the temperature, the poorer was the performance. This was obvious 
that dead branches did not contribute to any coral growth, thus little growth was 
observed in treatments which showed poor survivorship. Besides, the mechanism of 
reduced growth may also be related to less energy being available to the corals as a 
result of enhanced respiration and depressed photosynthesis caused by elevated 
temperature (Edmunds et al., 2001). 
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Moreover, coral branch size increase was greatly related to their skeletal growth, i.e. 
calcium carbonate deposition. This process was found to be temperature (Clausen 
and Roth, 1975; Lough and Barnes, 2000; see review by Carricart-Ganivet, 2004) 
and CO2 concentration (see review by Pearse and Muscatine, 1971; Hoegh-Guldberg, 
1999; Kleypas et al., 1999) dependent. Since water flow was controlled at the same 
rate in different aquaria, the higher concentration of CO2 produced by enhanced 
respiration was more likely to be accumulated in the higher temperature treatments; 
an even stronger suppression on calcification may therefore occur. To verify the CO2 
effect on coral calcification, CO2 measurement and/or tests under different CO2 levels 
wi l l be needed in future studies. 
According to previous laboratory-based study on summer and winter growth in 
corals (Miller, 1995) and investigations on the coral skeletal banding (Klein and 
Loya, 1991, Harriott, 1999), greater extension rate of corals was recorded in the 
summer. Hence higher temperature within their normal surviving range was 
suggested to encourage coral growth. However, among the three controlled 
temperatures employed in this present study, all within the recorded survival range of 
corals, corals under 26°C (the highest one) grew the least and most slowly, while 
108 
Chapter 1 
those under 18°C and 22°C had similar (insignificantly different) growth rate during 
the experiment. In other words, no positive trend in coral growth was observed with 
increasing temperature. The poor growth under 26°C may be due to the length of 
exposure to this fixed temperature, which was much longer in this five-month study, 
even though this temperature range was not beyond the normal in situ range for 
corals (Jokiel and Coles, 1977; see review by Fitt et a l , 2001). Under this condition, 
this temperature was able to cause bleaching, reduced growth and eventually death in 
those coral branches. Besides, the relatively slow-growing nature of A. tumida 
(compared with other Acropora spp.) may be the reason for their showing similar 
growth in the two (with 4°C-difference) lower temperature treatments. 
5.4.3 Oogenesis under different temperature conditions 
5.4.3.1 Oocyte developmental stage 
At the start of the experiments in February 2009, oocytes in the acclimatized branch 
samples examined were all in stage III. One month later, in March, a small 
proportion of stage II oocytes were found in branches grown under 18°C and 22°C. 
The reason for this apparent retrogression was unclear. Based on the findings of 
oogenic development in Chapter 2, it generally took about four months for the 
oocytes in A. tumida to develop from stages 1 to III. As there were no stage I oocytes 
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observed in the February samples and all oocytes found in April were in stage III, 
these stage II oocytes found in March were unlikely to have been newly developed 
within this single month and all turned into stage III in the following month in April. 
Other than the observations made of the two low temperature set-ups, there was also 
unusual finding in 30°C set-up, i.e. the existence of stage I oocytes (in corals which 
had entered the later half of vitellogenesis). These stage I oocytes continued to 
develop and contributed to the number of stage II oocytes in April, with even more 
stage I oocytes being developed. Apparently, A. tumida was induced to initiate 
another oogenic cycle under elevated temperature, though in a smaller scale 
compared with the normal one. Whether the elevated temperature condition was 
acting as a trigger of oogenesis as the experimental conditions resembled the summer 
in situ condition (average temperature at Tung Ping Chau in summer: 29°C) when 
normal annual oogenesis started in A. tumida (see Chapter 2) or was an 
environmental stress that led to abnormal oogenesis remains to be investigated. 
On June 2"〜among the living coral branches, those under 26°C had the highest 
proportion of stage IV eggs (100%). But the number of oocytes available to be 
examined was very low. With the coral branches already decaying, only 28 oocytes 
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could be counted as most of the eggs were lost during decalcification. Similar 
situation was observed for branches grown under ambient treatment, though the level 
of tissue necrosis was less severe because the branches were exposed to high 
temperature (>25°C) for shorter period (i.e., only after May). The tissue of coral 
branches under ambient experimental condition was thus tougher and fewer eggs 
were lost during decalcification (89 oocytes were examined). Among the 
healthy-looking coral branches, i.e. those grown under 18°C, 22°C and those from in 
situ, corals under 18°C possessed the highest proportion and greatest number of stage 
IV oocytes. They were thus the most reproductively mature. These results suggest 
that low(est) average temperature in the growing environment was more favorable 
for the corals to exhibit the fast(est) reproductive development. This may further 
support the observation that exposure to relatively low temperature, either 
continuously (as in the 18 °C and 22 °C treatments), or intermittently (as under the in 
situ conditions because of daily fluctuations), was important to coral biological 
processes, including survival, growth and reproduction. 
However, earlier oocyte maturation in ex situ branches did not lead to earlier 
spawning, when compared with that occurred in situ. On the contrary, a delay in 
spawning was the result. On June the absence of oocyte in in situ samples 
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indicated that spawning had occurred. Given that oocytes were still found in June 
samples, the most likely time of spawning between June and June would be 
around the full moon period of June to On June the mesenteries of coral 
branches grown under 18°C and 22°C treatments were still filled with stage IV 
oocytes, and those under 22°C treatment even had stage III oocytes. Instead of being 
a short developmental stage (existed for only one to two weeks), as was commonly 
found in corals (Stoddart and Black (1985): Pocillopora damicomis; 
Szmant-Froelich et al. (1985): Favia fragum; Vargas-Angel et al. (2006): Acropora 
cervicornis), these stage IV eggs appeared to stay in the ex situ corals for at least one 
month. Branches under 18°C were finally found to have spawned in mid-July, but 
mature oocytes were still present in those branches grown under 22°C at this same 
period. Such delay in the release of these stage IV eggs may be due to the absence of 
seasonal changes in the temperature in the experimental set-ups. Oocytes in in situ A. 
tumida were developing from stages III to IV when the temperature of the external 
environmental was warming up in early summer (Chapter 2). The rise in seawater 
temperature has been considered as one of cues for annual mass synchronous 
spawning in corals (Babcock et al. 1986, Wilson and Harrison, 2003). Since the 
temperatures in the experiment set-ups were fixed, the absence of such a cue from 
the rising temperature may have thus caused the corals to miss the "proper" 
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spawning time. Other than temperature, lunar phase (Babcock et al., 1994) which 
was correlated with the intensity of blue night (Gorbunov et al. 2002) and fluctuation 
in tidal levels (Oliver et al. 1992) have all been suggested to serve as cues to 
determine the timing of coral spawning. These factors, especially tidal fluctuation, 
would also be absent in the experimental set-ups. 
5.4.3.2 Oocyte size measurement and density 
After acclimatization for four months in February 2009, oocytes in those branches 
grown in the outdoor tank were significantly larger (Student's /-test, n=54, pO.OOl) 
than those in in situ samples, but their densities were comparable. In March, 
branches grown under 26°C carried the largest oocytes with the greatest density, 
followed by those grown under 22°C and ambient temperature (average temperature 
at that time: 20.08°C). Those grown under 30°C, the only experimental temperature 
outside the natural tolerant range of corals employed in the present study, had 
significantly low oocyte density. 
Two months later however, on June 2丨」2009, all branches under 30°C died and those 
under both 26°C and ambient temperature (average temperature at that time: 27.83°C) 
suffered from tissue necrosis and bleaching. Instead, those grown under 22°C 
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possessed much larger oocytes (than those under other ex situ treatments) that were 
comparable to those in the field, although the latter had higher density of oocytes. 
5.4.5 Spermary developmental stage 
Spermaries in corals grown under different temperature treatments and those in situ 
generally developed in parallel to the oocytes. The abnormal presence of stage II 
oocytes in 18°C and 22°C branches in March and the presence of stages I and II 
oocytes in 30°C branches in March and April were however, not matched by any 
abnormalities shown in spermetogenesis. Since individual male gametes were minute 
in size, stages I and II spermatocytes were unlikely to be recognized and 
distinguished among the pre-existing ones in stage III, even i f they had been formed 
because of the regulated temperature treatments 
To conclude, considering all results (survivorship, growth and oogenesis) together, 
22°C branches possessed the most comparable oocyte developmental patterns as 
those of corals in situ, i.e. slow rate of development, small size until a month prior to 
spawning. Besides, they survived well and grew best during the experimental period. 
Therefore, A. tumida in Hong Kong (a subtropical region) seems to have a lower 
optimum temperature range than that reported for other coral species (25°C to 29°C, 
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see review by Clausen and Roth, 1975; Jokiel and Coles, 1977), mainly from the 
tropics. It supported the findings of Coles et al. (1976) that the upper thermal limit in 
subtropical corals was 2°C lower than that of the tropical corals. This implies that the 
continued warming of the seawater in the coming decades may not only be 
deleterious to tropical corals (serious coral bleaching events have been observed in 
the tropics since the 1980s), but would also be harmful to those in the subtropics. 
These corals are locally adapted. Further investigations are certainly required to 
verify the optimum temperature for local coral communities. In the present study, 
temperature levels were kept constant throughout the experimental period. This 
obviously simplified the realistic situation and cannot fully mimic the scenario of 
global warming. Moreover, researches on other coral species and other 
environmental factors (including synergistic effects) are necessary for more accurate 
predictions of the effect of climate change on coral oogenic development. On the 
other hand, lower temperature was observed to be more suitable for ex situ culture of 
local corals in Hong Kong under a constant temperature regime. It is possible that 
corals could become adapted to the lower temperature in such a system and thus 
become less tolerable to higher temperature in summer, i f they were to be 
transplanted back to the natural sites. Therefore, temperature simulation system that 
allows fluctuation in the temperatures, a scenario that would be more similar to what 
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is actually happening in nature, should be developed in order to make the “coral 
gardening" approach more realistic and more likely to achieve successful restoration 
of corals in a denuded coral reef. 
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Table 5.1 Survivorship (%) of Acropora tumida branches grown under different 
temperatures, from February to June 2009. 
Temperature 
Time 
18°C 22°C 26。C 30。C Ambient 
Feb 100 100 100 100 100 
Mar 100 100 94.1 62.5 100 
Apr 100 93.3 64.3 7.7 100 
May 100 100 27.27 0 70 
Jun 100 0 0 14.3 
Table 5.2 Mean (士 SD) relative growth rate (%) of Acropora tumida branches 
grown under different temperature treatments from February to June 
2009. Sample size given in ( ) . 
Time Temperature 
Interval 18。C 22。C 26。C 30°C Ambient — 
1.95 ± 2.87 1.33 ±2.22 0.95 ± 2 . 5 4 0 . 5 0 ± 1 . 9 2 2 . 0 1 ±2.60 
heb-Mar 。石) (16) (10) (15) 
“ 3.43 士2.71 4.13 ±3.72 1.44 士 1.96 0.03 162 士3.96 
Mar-Apr ⑴ ) q ^ (1) (12) 
" “ “ 2.90 土3.27 3.46 士 2.53 1.16 士 1.86 . 1.46 士 1.51 
Apr-May 门〕） (3) • (7) 
, 2.95 士 1.04 2.70士3.05 . . -0.07 
May-Jun (7) (8) ^ 。 ⑴ 
117 
Chapter 1 
Table 5.3 Changes in the number and proportion (%) of developmental stages of 
ooctyes and spermaries in Acropora tumida branches grown under 
different temperature treatments or in situ (at CSW, Tung Ping Chau), 
from February to June 2009. Al l samples grown under 26°C and 30°C died 
in the second half of the experiment (shaded) and in situ samples were 
found to have spawned by June 30, 2009. 
S a m p l i n g ^ N o . o f stage I-IV N Proportion o f stage I-IV General 
= = r i T i 二 丨 _ e “ o / o ) | ^ stage of 
• 9 m nil niii n,v examined) I II III 丨V spermaries 
F e b - 1 8 _ 0 _ _ 0 135 0 135 0 0 100 0 11/111 
Mar-25 _ 0 _ _ 4 153 0 157 0 2 .6 97 .5 0 III 
Apr-28 18°C _ 0 _ _ 0 121 0 121 0 0 100 0 III 
Jun-02 _ 0 _ _ 0 11 126 137 0 0 8 .0 9 2 . 0 III/IV 
Jun-30 0 0 0 136 136 0 0 0 100 IV 
Feb-18 _ 0 _ _ 0 135 0 135 0 0 100 0 II/III 
Mar-25 _ 0 _ _ 1 2 147 0 159 0 7 .6 92 .5 0 111 
Apr-28 2 2 ° C _ 0 _ _ 0 9 0 0 9 0 0 0 100 0 III 
Jun-02 _0__0 71 68 139 0 0 51.1 48.9 Hl/IV 
Jun-30 0 0 4 4 2 1 8 2 6 2 0 0 16.8 83 .2 III/IV 
F e b - 1 8 _ 0 _ _ 0 135 0 135 0 0 100 0 II/III 
Mar-25 _ 0 _ _ 0 120 0 120 0 0 100 0 III 
Apr-28 26。C _0__0 216 0 216 0 0 100 0 III 
Jun-02 0 I 0 I 0 " 28 | 28 | 0 0 0 100 III/IV 
F e b - 1 8 _ 0 _ _ 0 135 0 135 0 I 0 I 100 I 0 I II/III 
Mar-25 _ 3 _ _ 0 2 0 0 23 13.0 0 86 .7 0 III 
Apr-28 3 0 ° C 13 2 4 7 0 6 2 2 1 . 0 3 .2 7 5 . 8 0 III 
F e b - 1 8 0 0 I 135 0 I 135 0 0 一 1 0 0 0 11/111 
Mar-25 _ 0 _ _ 0 143 0 143 0 0 100 0 III 
Apr-28 A m b i e n t _ 0 _ _ 0 74 0 74 0 0 100 0 III 
Jun-02 _ 0 _ _ 0 72 17 89 0 0 8 0 . 9 19.1 III/IV 
Jun-30 0 _ _ 0 7 0 7 0 0 100 0 -
Feb-18 _ 0 _ _ 0 140 ~ 0 ~ 140 0 100~ 0 II/III 
Mar-25 _ 0 _ _ 0 138 0 138 ~ 0 ~ 0 lOo" 0 III 
A p r - 2 8 (in situ) _ 0 _ _ 0 3 2 0 0 3 2 0 ~ 0 ~ 0 lOo" 0 111 
Jun-02 0 0 262 " i T 283 0 0 92.6 7 4 m n V ~ 
P 1 0 1 1 1 0 i l : • 
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Table 5.4 Mean (士 SD) cross-sectional area (jim^) and geometric diameter (|j.m) of 
ooctyes in Acropora tumida branches grown under different temperature 
treatments or in situ (at CSW, Tung Ping Chau) from February to June 
2009. Sample size in ( ) . 
Sampling Temperature Treatments 
Date 18°C 22°C 26°C 30°C Ambient In situ 
Cross-sectional area (x 10 |im ) 
Oct-22-08* 13.41 士 1 .84(36) 
49 54±4 89 
Feb-18-09** 57.75土5.67 (18) (36) 
51.57 士3.88 56.91±8.77 60.80±9.93 51.36士5.48 57.25±8.81 52.94±6.44 
Mar-25-09 
m ( m ^ ^ i m (36) 
65.32士 11 .04 60.19士 15 .78 85 .70土8.49 7 7 . 0 6 ± 1 0 . 3 8 8 2 . 2 2 ± 2 4 . 5 2 63 .15士7 .09 
Apr-28-09 
im (m ^ (m im (36) 
86.89士 16.69 111.48土 2 7 . 5 6 8 9 . 9 6 ± 8 . 2 0 75.72士 15.29 108.67土 11.95 
Jun-02-09 (All Dead) 
(18) (12) ^ (12) (36) 
9 7 . 4 8 ± 1 6 . 1 3 1 3 0 . 9 5 ± 15.35 50.32土 9.51 
Jun-30-09 (All Dead) (All Dead) (Spawned) 
(18) (18) (6) 
Geometric diameter (}im) 
Oct-22-08* 128.64 士 16.89 (36) 
Feb-18-09** 293.64±24.45 (18) 234.68± 12.^3 
(^o) 
253.81±34.72 |263.90±23.07l278.44±27.27 |260.73±19.39 |271.50±18.78 282.66±35.70 
Mar-25-09 
( m ^ W ^ [ m (36) 
2 8 8 . 1 1 ± 2 9 . 1 6 2 7 2 . 0 9士 3 5 . 8 6 3 3 9 . 9 6 ± 2 4 . 9 3 3 0 8 . 3 7 ± 2 3 . 3 8 3 2 8 . 7 0 ± 4 2 . 1 7 2 7 9 . 6 1 ± 2 4 . 1 3 
Apr-28-09 
( m ( m (12) (12) (12) (36) 
3 2 1 . 9 1 ± 3 4 . 2 4 3 7 6 . 8 6 ± 5 2 . 2 4 3 3 4 . 2 1 ± 1 8 . 7 4 3 0 7 . 7 0土 3 5 . 5 4 3 8 2 . 9 0 ± 4 0 . 5 2 
Jun-02-09 (All Dead) 
i m ( m W (12) (36) 
3 5 7 . 4 9士 2 7 . 8 3 4 2 0 . 5 4士 3 7 . 9 7 2 5 6 . 5 6 ± 2 6 . 8 3 
jLin-30-09 (All Dead) (All Dead) (Spawned) 
W ^ W 
* Oocyte size in branches initially collected from the field. 
** Oocyte size in branches acclimatized in culture tank at the start of the experiment. 
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Table 5.5 Mean (± SD) oocyte density (no. of oocytes per cross-sectional area of 
branch, mm") in Acropora tumida branches grown under different 
temperature treatments or in situ (at CSW, Tung Ping Chau), from 
February to June 2009. Sample size in ()• 
Sampling Temperature Treatments 
Date 
18°C 22°C 26°C 30°C Ambient in situ 
1.22 土 0 .19 
F e b - 1 8 1.28 士0.37 (9) 
^ (9) 
1.03 士 0 .19 1.20 土 0 .19 1.35 士0.25 0 .36±0 .02 1.19士0.23 1.06士 0 .26 
Mar-25 
W W {}) ^ W (9) 
1.47 土 0 .62 1.14士 0.81 1.99 土 0.35 0.76土 0 .12 1.10土0.14 2.57土 0.41 
Apr-28 
W W ^ ^ ^ (9) 
0 . 9 7 士 0.14 1.65 士0.29 0.69土 0 . 2 6 1.11 士0.51 2 . 5 4 士 0.37 
Jun-02 (Dead) 
W W 0 ) ^ (9) 
1.26 士0.45 2.13士0.76 0 .09±0 .02 
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Figure 5.1 Temperature profile from February to June 2009. Solid circles and 
lines represent the temperature in the ambient set-ups in the laboratory; 
open circles and dotted lines represent that in the field. 
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Figure 5.4 Temporal changes in the proportion (%) of development stages of 
oocytes in Acropora tumida branches grown under different 
temperature treatments from February to June 2009. A) 18°C; B) 
22。C; C) 26。C; D) 30。C; E) Ambient; and F) in situ in Cheung Sha 











































































































































































































































































































































































































































































































































































































































































































































































































































Summary and Perspectives 
The reproductive cycle (mainly the oogenesis) of scleractinian coral Acropora 
tumida was studied based on samples collected in Cheung Sha Wan, Tung Ping Chau 
from September 2006 to June 2009. Local A. tumida is a hermaphroditic broadcaster 
and possesses an annual synchronous oogenic cycle which started from August (late 
summer) to June (early summer) in the subsequent year. This annual pattern is 
generally similar to that of other Acropora species in other regions. A warmer winter 
in late 2006 to early 2007 coincided with an early maturation of oocytes in that year. 
On the other hand, spermatogenesis was found to be longer (seven months) in local A. 
tumida when compared to related tropical species (< five months). These implied that 
temperature could have an important role in coral gametogenesis. 
By comparing oocyte development in A. tumida grown ex situ {i.e. in outdoor tank) 
and in situ {i.e. in its natural habitat) from December 2008 to June 2009, corals 
grown ex situ tended to develop larger and more mature eggs than their counterparts 
in the field. Yet such an advancement in oogenesis did not result in early spawning. 
This implies that environmental cues, probably lunar phase and increase in seawater 
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temperature as summer approaches, were more crucial in determining the occurrence 
of the annual mass spawning event than the oogenic development itself. Besides, the 
larger oocytes in ex situ corals also corresponded to a lower fecundity, i.e. smaller 
oocyte number, in these corals. This apparent shift in reproductive strategy between 
the oocyte size and number in ex situ corals, as compared with those found in situ, 
may be a result of higher temperature being maintained in the outdoor tank. Overall, 
however, a 100% survival in A. tumida fragments grown in the outdoor tank suggests 
a generally successful ex situ coral fragment culture experiment in this current 
research. Longer-term (over one year) coral culture experiments wil l be required to 
evaluate other optimal conditions to raise coral fragments and conditions under 
which corals could continue its reproductive cycles to ensure that they are ready for 
transplantation. This, ultimately, is the aim of coral nursery experiments. 
Although coral fragments (especially the small ones) were observed to possess less 
(or even no) gametes, a possible consequence of resource reallocation from 
reproduction to recovery, no evidence for such reallocation was reflected in this 
present study in the oocyte size along the A. tumida branches within weeks after 
fragmentation. No difference in size was observed in oocytes found at different 
distances from the broken-edge, implying that recovery of coral fragments from 
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breakage has no direct effects on reproduction. More detailed investigations on a 
daily basis and comparisons between intact colonies and fragments grown at the 
same site will help to provide more precise information on the potential trade-off 
between recovery and reproduction in corals. 
The results from the temperature experiment on ex situ corals showed elevated 
temperatures having adverse effects on coral survival, growth and oogenesis, 
consistent to that found in earlier works. Poorer growth and reproductive 
development were directly related to the poor survivorship of corals grown under 
high temperatures (^26°C). Furthermore, even temperature within the average in 
situ range was found to be deleterious and even lethal to ex situ corals when the 
temperature was kept constant throughout the six-month study. This supported the 
hypothesis from past studies that exposure to upper and lower limits in temperature is 
time-dependent. The lower optimal temperature at 22°C for local A. tumida found in 
the present experiment should therefore be interpreted with care because of the much 
longer time (6 months) the corals had been exposed to under this temperature, when 
compared with those carried out in the past studies, yet it was still useful as a 
guideline for future coral culture settings. Moreover, the adverse effect of elevated 
temperatures reconfirmed in this temperature experiment suggested the selection of 
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coral transplantation sites in the future should avoid those having much temperature 
deviations from the donor sites. 
From an overall perspective, the information obtained in this present thesis research 
provides a good insight on reproductive seasonality of A. tumida in Hong Kong. 
However, the experimental results on temperature effects on coral growth and 
reproduction should still be regarded as preliminary. Future works should compare 
the temperature effects on different coral species and on corals from other regions. 
Daily fluctuation in temperature should also be considered as part of the 
experimental set-up. Prospect for the development of an optimal coral culturing 
system would still be possible with better understanding of coral responses to 
different environmental factors under the ex situ conditions. 
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